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STATISTICAL STUDY OF ROCK DRILLING BY HYPERVELOCITY JETS FROM 
EXPLOSIVE SHAPED CHARGES 
ABSTRACT 
iii 
The drilling effect in rock of hypervelocity jets from explosive 
shaped charges was investigated experimentally to supplement a rapid 
excavation concept. The effects of the design factors of the charge 
and the mechanical properties of eight rock types were studied. 
Experiments were both designed and analyzed upon statistical 
principles. A full factorial experimental design was used for each 
of seven rock types. An analysis of variance and the k-ratio least-
significant-difference test were applied to the results. 
The optimum design of shaped charges for drilling was found to be 
independent of rock type and rock properties. For composition C-4 
charges having cast iron liners, the optimum design for depth of 
penetration includes a standoff distance equal to 1~ times the charge 
diameter, a liner wall thickness of 0.030 times the diameter, and a 
liner apex angle of 45 degrees. The penetration depth is directly 
proportional to the size of the charge, and increases significantly 
with length/diameter ratio of the charge. Drilled depth does not 
vary significantly between cylindrical and cylindro-conical shaped 
charges, nor between cast iron and Armco iron liners. Composition 
C-4 explosive produces significantly greater drilled depths than does 
100 percent blasting gelatin, which in turn is obviously better than 
67 percent dynamite. 
iv 
The penetration process in rock is partially hydrodynamic but not 
completely so. The hydrodynamic theory does not agree well with the 
experimentally-determined relationship of the depth, diameter, and 
volume of penetration to scaled values of the jet/rock density 
ratio. The complementary effects of additional rock properties must 
be included to produce agreement between theory and experiment. Those 
additional properties which are most probably related causally to 
penetration are compressive strength, porosity, hardness, drillability, 
and modulus of elasticity. The phenomenology of penetration in high-
strength rock is consistently different from low- and medium-strength 
rock in terms of penetration depth, hole taper, the presence of 
spalled craters, delayed spallation, microseismic activity, and partial 
filling of the hole and plating of its walls by liner material. 
v 
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The shaped charge focuses the energy of an explosion and directs 
the explosion products, producing a controlled drilling or cutting 
effect. One common geometry is a cylindrical explosive column having 
a hollow conical cavity whose base coincides with the end of the 
charge opposite the initiator (Figure 1). The cavity usually has a 
thin, precisely fitted, hollow conical liner. A standoff distance is 
maintained between the base of the liner and the surface of the target 
in most applications. 
The high pressure from the detonation of the explosive collapses 
the liner, forming it into a hypervelocity jet (Figure 2). 1 The jet 
velocity is commonly 10 km/sec, and with special geometries, 
velocities as high as 90 km/sec have been achieved (Koski, Lucy, 
Shreffler, and Willig, 1952; Willig, 1956) and 100 km/sec has been 
claimed (Baum, Stanyukovich, and Shekhter, 1959:653; Lunc, Nowak, and 
Smolenski, 1964). This is the highest velocity to which man has by 
any method accelerated dense matter composed of heavy atoms. For the 
impact of such jets with solid surfaces, shock pressures as high as 
1.5 x 108 kg/cm2 and temperatures as high as 3 x 105 K have been 
calculated (Baum, Stanyukovich, and Shekhter, 1959:653-655). 
As a consequence of these conditions, the lined-cavity shaped 
charge has a dramatic penetrating effect, drilling a narrow hole 


























a. Arrival of Detonation 
Front at Liner Apex 
b. Travel of Detonation 
Front Along Liner Wall 
c. Arrival of Detonation 
Front at Liner Base 
d. After Passage of 
Detonation Front 
Figure 2. Section Views of Successive Stages in Formation of Jet by 
Collapse of Conical Liner (Adapted from Eichelberger, 1954: Fig. 42) 
3 
which typically has a length/diameter ratio of about 30 in most metal 
targets. The depth of the hole drilled in steel by a shaped charge 
at the optimum standoff distance is approximately four times the 
diameter of the charge itself (4 D).l This is about twice the 
penetration at zero standoff. It is also approximately five times the 
depth drilled by an unlined cavity charge, which in turn is about ten 
times greater than the depth of indentation of a solid surface by a 
no-cavity, solid charge (Figure 3). 
Most shaped charges are also commonly referred to as lined cavity 
charges. 2 In England the shaped charge effect is often called the 
hollow charge effect, in Germany and much of Europe the term, Neumann 
effect, is commonly used, and in the U.S.S.R. the phenomenon is 
4 
referred to as cumulation. The term, Munroe effect, refers to that of 
an unlined cavity, and is sometimes used in the U.S.A. 
Considering the modern developments in explosives and the precise 
manufacturing methods which contribute to the success of shaped 
charges today, the historical origins of the effect are surprisingly 
old. References in the literature to the hollow charge principle 
date back to 1792 (Birkhoff, MacDougall, Pugh, and Taylor, 1948) and 
perhaps much earlier. 
In the field of mining, attempts to concentrate the energy of 
explosive charges for the improved fragmentation of coal led to the 
lThe capital letter, D, is used in this thesis to represent a 
unit of measure, expressing dimensions as multiples of the charge 
diameter. 
2shaping may also be utilized without a cavity being present in 
the shaped charge, examples being the mud-cap charge and demolition 
charges for breaking steel beams. 
7/? 
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with Standoff 
Figure 3. Relative Drilling Effects of No-Cavity Charge, Unlined-




petard charge, which was frequently used during the eighteenth century 
(Rinehart and Pearson, 1954:220). Other explosive charges with unlined 
cavities were used in rock blasting in the latter part of the nine-
teenth century (Gurevich, 1965:360). 
Independent rediscoveries and fairly extensive descriptions of 
the unlined hollow cavity effect were published by Foerster (1883), 
Munroe (1888), and Neumann (1911). Munroe (1900) also published a 
photograph of a hollow cluster of dynamite sticks secured around a 
metal can, perhaps the earliest crude lined-cavity shaped charge. 
The Germans are believed to have developed and used the lined-cavity 
charge as a military weapon in World War I (Cook, 1958:226; Austin, 
1959:3). Its rediscovery in the U.S.A. is attributed toR. W. Wood, 
about 1936 (Eichelberger, 1954:1). Military applications of the 
shaped charge proliferated in World War II. Basic data from 
scientific experiments on the penetration of rock were first 
presented by Lewis and Clark (1946). 
Today shaped charges are used in large numbers for the perfora-
tion of oil well casings and the surrounding rock, which initiates 
the inflow of petroleum. They are also commonly employed for the 
tapping of open hearth furnaces in the steel industry, and for the 
rapid, remote cutting of metal parts in air and space vehicles. 
Rinehart and Pearson (1963:286-291) have described the items 
commercially available for the above uses. 1 The shaped charge has 
also been employed as a research device for the determination of the 
properties of explosives (Spencer, 1962). Military applications 
lsome commercial suppliers are listed in Appendix A. 
include the bazooka projectile, some types of anti-tank land mines, 
and charges for breaching walls, bunkers, and other fortifications. 
Hughes, Lamb, Moavenzadeh, and McGarry (1970:248-254) have described 
87 patents on shaped charges, most of them related to the penetration 
of rock. In general, shaped charges are especially useful in 
conditions of relative inaccessibility, hazardous locations, sites 
where only a few holes are needed, and instances where rapid drilling 
or cutting is required. Other suggested applications for drilling 
rock by shaped charges include the secondary drilling and blasting 
of boulders, setting of survey points, anchoring of bolts, setting 
of poles for power lines and fences, detonation of charges in mis-
fired holes by penetration of the jet through stemming and rubble, 
blasting to obtain rock samples, and the driving of drifts (Austin, 
1959:67-72). 
An important topic which recurred in many of the early feasi-
bility studies in mining was the drilling of blastholes for explosive 
columns, using single shaped charges. Draper, Hill, and Agnew (1948) 
studied a variation on the theme, repeatedly firing shaped charges 
into the same hole. They found that a blasthole could be produced 
with roughly the same length and diameter as blastholes from 
conventional mechanical drills. 
The McCullough Tool Company investigated a drilling technique 
which consisted of enlarging shaped-charge drilled holes by means 
of gauging (reaming) charges of explosives packed along the length 
of the hole (Ledgerwood, 1961). Robinson (1965) also conducted tests 
of such a method; they were limited to holes from single shaped 
charges. He reported that the rock removal in terms of explosives 
7 
consumption was promising, and that the technique appeared to be 
technically feasible for drilling wells. 
8 
Clark, Rollins, Brown, and Kalia (1970:78-86) developed a drill-
and-blast method of tunnelling which employed explosives only, without 
mechanical drills. They used a repetitive sequence of drilling with 
shaped charges, and then enlarging the hole with extended charges, 
that was similar to the method of the McCullough Tool Company and of 
Robinson. But rather than individual holes, entire blast rounds were 
drilled. In addition, shaped charges were then placed at the bottom 
of the enlarged holes. Here they had a combined effect of drilling 
further ahead and simultaneously blasting the previously drilled rock, 
usually with the help of additional conventional explosives placed in 
the hole. Using this technique, a 1.8-m diameter opening was 
excavated about 1.5 m into a dolomite quarry face. 
Studies of such new excavation concepts are definitely needed. 
The Organization for Economic Cooperation and Development (1970), under 
"Current research priorities,,. lists the "Evaluation of new processes 
for excavation, including unconventional methods of using explosives" 
and a ''More intensive investigation of the possibility of using un-
conventional techniques for rock and soil disintegration and excavation.'~ 
The U. S. National Research Council (1968:5,6) specifies as high 
priority research needs the "Development of processes and equipment 
for boring tunnels and shafts in hard abrasive rock .•. u and the 
"Improvement of drill and blast techniques. 11 
The purpose of this thesis is to support the above rapid-
excavation concept with fundamental information on the drilling of 
rock by hypervelocity jets from shaped explosive charges. 
Specifically, the objective is to furnish data concerning the 
dependence of penetration on the design factors of the charge and 
the mechanical properties of rock. To achieve this objective, 
factorial experiments on seven rock types and several one-factor 




REVIEW OF LITERATURE 
The basis for interpreting shaped-charge phenomena is the hydro-
dynamic theory. It is applied to the formation of a hypervelocity jet 
from the charge liner, to penetration by the jet, to the understanding 
of visible effects of penetration, and to the variation of penetration 
with properties of the target and design factors of the charge. 
I. THEORY OF JET FORMATION 
The hydrodynamic theory rests upon the assumption that, under the 
pressure of detonation, the liner metal flows like an ideal fluid to 
form the hypervelocity jet. It is further assumed that the metal is 
accelerated instantaneously, and from that time on is in a condition 
of continuous flow. The metal flow is toward the longitudinal axis 
of the liner (Figure 2). Here the elements collide upon each other 
and, because of axial symmetry, form a fast jet which advances ahead of 
the moving collision point and a slow jet which follows the collision 
point. The laws of conservation of mass, momentum, and energy are 
applied to liner metal entering and leaving the collision point. 
Birkhoff, MacDougall, Pugh, and Taylor (1948), in the initial 
hydrodynamic theory of jet formation, also assumed that all elements 
of the liner collapsed with the same velocity. This was later modi-
fied to account for a variation of the collapse velocity along the 
slant height of the liner (Pugh, Eichelberger, and Rostoker, 1952). 
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the velocity and mass of the fast jet are (Eichelberger, 
V0 csc8/2cos(a + a - 8/2), 
2Uosinoseca, 
the velocity of the fast jet, 
the collapse velocity of the liner, 
the angle between the collapsing liner wall 
and the liner axis, 
one-half the apex angle of the liner, 
the angle between the liner surface and the 
direction of collapse, 
the detonation velocity, 
the mass of the fast jet, 
the mass of the liner. 
The incorporation of some experimental data is necessary for the 
solution of the equations. 
The present form of the theory of jet formation predicts jet 
lengths which are in accordance with their measured penetration, 
accounts for the dependence of penetration on standoff, accurately 
gives the distribution of mass between the fast and slow jets, and 
agrees with the observed lengthening of the fast jet during flight 
(Pugh, Eichelberger, and Rostoker, 1952). The accuracy of the 
theory has been well verified experimentally (Eichelberger and Pugh, 
1952). 
II. THEORY OF PENETRATION BY JET 
The hydrodynamic theory of penetration, like the theory of jet 
formation, makes use of the assumption of ideal fluid behavior and 
the laws of conservation of mass, momentum, and energy. Penetration 
by the fast jetl (Figure 4) is assumed to involve (1) the pushing 
aside of target material under flow conditions induced by high 
pressure at the advancing point of impact, (2) continued radial 
flow of the target and jet material until the kinetic energy is 
exhausted, (3) plating of the walls of the hole by jet material as 
it comes to rest, and (4) continuation of the process until the jet 
is consumed. This concept of penetration qualitatively accounts for 
the large diameter of the hole formed in metals compared to the jet 
diameter. It also accounts for the narrowing of the hole with depth; 
this occurs because the leading part of the jet, which drills the 
first portion of the hole, has more kinetic energy than the following 
parts of the jet. 
The initial theoretical development, by Birkhoff, MacDougall, 
Pugh, and Taylor (1948), considers both continuous and discontinuous 
jets and variations in density along the length of the jet. The 









the target density, 
a measure of the continuity of the jet, ranging from 
unity for a completely continuous jet to larger 
values for particulate jets, 
the density of the jet material, 
jet length. 
When A and Pj are constant along the length of the jet, the so-called 
first-order equation follows: 
P/L = (AP·/P)~ ] 





Figure 4. Section View of Hydrodynamic Mechanism of Drilling by Jet 
from Shaped Charge 
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The above equations agree well with observed penetration depths in 
most metal targets, and account for the decrease in penetration at 
large standoff distances (Eichelberger, 1956). The theory was later 
extended to account for the final diameter and volume of the hole 
(Cook, 1958:252-256; 1959). 
The above equations do not deal explicitly with nonuniform 
velocity over the length of the jet. A later treatment of this 









1 (Pj /p)o-z 
the velocity of the rear of the jet, 
the velocity of an arbitrary element of the jet, 
( ~-S) /L, 
the initial distance of a jet element from the target, 
the initial distance of the front of the jet from the target, 
the velocity of the front of the jet. 
This equation accounts not only for nonuniform jet velocity but also 
for the initial increase of penetration with increasing standoff. 
III. PHENOMENOLOGY 
The more obvious and pervasive effects of penetration are the 
long, narrow shape of the hole, its taper, and the plating of the 
hole by liner metal. The study of the phenomenology has been 
intensive and has included many other effects. 
A. Metals. A substantial improvement in the understanding of 
penetration in metals has resulted from the flash X-ray photography 
of jet formation (Clark, 1949; Breidenbach, 1952; USSR Directorate 
of Scientific Information, 1953; Zernow and Simon, 1953, 1955; 
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Holloway, 1955; Baum, Stanyukovich, and Shekhter, 1959:567,568,573,636; 
Dipersio, Simon, and Martin, 1960;Abrahamson and Goodier, 1963; Field 
Emission Corporation, 1963; n.d.). This has also been true of 
knowledge about the penetration of targets by jets (Zernow and Simon, 
1953; USSR Directorate of Scientific Information, 1953; Throner and 
Shonerd, 1956; Field Emission Corporation, 1963). 
In a time sequence of radiographs of liner collapse and jet 
formation (Plate 1), the fluid nature of the process for most liner 
metals is evident. At 2.4 ~sec the liner is collapsing near the 
apex, but the jet is still indistinct. At 3.8 ~sec the detonation 
wave has reached about mid-height of the liner, as evidenced by the 
change in wall angle up to this point, and the jet extends to about 
one-third of the distance from the apex to the liner base. At 6.5 ~sec 
the detonation wave has reached the liner base, and the jet extends to 
about three-fourths of the cone height. At 9.7 ~sec the jet is 
extended beyond the base, and has lengthened even further by 14.6 ~sec. 
After 20 ~sec most of the jet has disappeared from the field of view, 
leaving the slug as the main visible object. 
In flash X-rays showing penetration by jets (Plate 2), previously 
mentioned phenomena can be observed. In all three photographs the 
narrow jet (F) and wide hole (G) are apparent. In photographs 'b' and 
'c' there is evidence that copper metal from the jet is lining the 
holes in the aluminum target. And in photograph 'a' the shock front 
moving ahead of the jet and laterally into the target medium can be 
faintly discerned as a region slightly darker than the surrounding 
unshocked medium. 
a 
1 .4aiiC I.II'IIC &.I~ SEC 1.8~&1EC 
7.11'11C 8.71'11C 14.1~1EC >20~SEC 
Plate 1. Flash Radiographs of Liner Collapse and Jet Formation (Field Emission Corporation, n .d.; 
plate reprinted with the permission of Aberdeen Research and Development Center) 
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Plate 2. Flash Radiographs of Jet Penetration (Field Emission 
Corporation, 1963; courtesy of Aberdeen Research & Development Center) 
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Jet formation and penetration have also been illuminated by Kerr 
cell photography (Pugh, Heine-Geldern, Foner, and Mutschler, 1951; 
Heine-Geldern and Pugh, 1953; USSR Directorate of Scientific 
Information, 1953). 
B. Rock. Flash X-rays taken of jets from cast iron liners 
(Austin, 1961) show that the jets are often wider in diameter than the 
holes which they produce in rock, whereas the jets are narrower than 
the holes they produce in metals. Although radiographs of the penetra-
tion of neat cement specimens by jets have been presented in the 
literature (Bell, Charrin, and Pohoriles, 1962), none have been 
presented depicting the penetration of rock, to the best knowledge of 
the author of this dissertation. Thus most of the understanding of the 
shaped-charge drilling of rock comes from visible effects. 
Austin (1964) classifies rock phenomenology into three modes of 
penetration--the crushed-zone mode, the stable mode, and the compaction 
mode. The crushed-zone mode, which is said to hold for intrusive rocks 
and similar dense, strong rock types, has the following characteristics: 
1. The immediate formation of a surface crater by spallation, due 
in turn to the relief of the high radial particle velocities which 
occur in the hole-forming process, and to shock wave phenomena 
(Austin, 1959:23), 
2. Significant delayed cratering, usually preceded by the occur-
rence of audible rock noises for minutes or hours, 
3. A large crushed zone around the hole, 
4. Relatively few macroscopic fractures, except for a fracture 
extending from the end of the hole in a blade-like form (Austin and 
Pringle, 1964), 
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5. Extensive strain energy storage in the crushed zone, 
6. Unstable walls of the hole, crumbling of the crushed materigl 
to powder along and into the hole when some confinement is removed, 
and gradual crumbling of the crushed rock for several days even ~hen 
left undisturbed, enlarging the hole but filling it with powdered 
material (Austin, 1959:27), 
7. No plating of the walls of the hole by liner debris, 
8. Extensive plugging of the hole by oxidized and unoxidi~ed 
metal of the jet and slug, and 
9. Formation of the hole mostly by the expulsion of rock from 
the hole, but partly by compaction of the walls. 
The stable mode, which was reported for limestone and similar 
bulk carbonate rock types, exhibits the following features: 
1. Immediate cratering, 
2. No delayed cratering or rock noises, 
3. Only a thin veneer of crushed rock around the hole, 
4. An extensive envelope of large fractures, when some 
fracturing preexists, the fractures formed during penetration 
becoming filled with oxides of the liner metal and some unoxidized 
metal, oxide-filled cracks also sometimes being found to extend tnto 
the rock beyond the bottom of the hole (Austin, 1959:38; 1961; 
Austin and Pringle, 1964), 
5. No significant storage of strain energy, 
6. Stable walls, 
7. Fairly complete plating of the walls by liner material, 
8. Very little plugging of the hole by jet and slug debrts) and 
9. Formation of the hole solely by the expulsion of rock. 
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The compaction mode of formation, said to hold for weak, porous 
rock, including highly fractured and hydrothermally altered rock types, 











No immediate cratering, 
No delayed cratering, 
No significant crushed zone, 
Minor radial fractures, not filled with liner debris, 
No appreciable strain energy storage, 
Weak but fairly stable walls, 
No plating of the walls, 
No plugging of the hole by liner material, and 
Hole formation by compaction, with no appreciable expulsion 
IV. INFLUENCE OF TARGET PROPERTIES ON PENETRATION 
A. Metals. The physical dependence of penetration on density 
is in accordance with the hydrodynamic theory. Even better agreement 
of theory with experiment is obtained when the strength of the target 
is considered. However, there is disagreement on which measure of 
strength is the most applicable; Pack and Evans (1951) suggest the 
static compressive yield strength; Eichelberger (1954:117; 1956) 
applies the static tensile yield strength, Babul (1961) supports the 
tensile strength, and Rostoker (1953) uses the general term, 
resistance to plastic flow or rupture. There is widespread agreement 
that hardness, in addition to some measure of strength, is important 
(Babul, 1961; Dipersio and Simon, 1968). Compressibility also has 
an effect, although a small one (Babul, 1961). Differences in the 
microstructure of the target metal can cause penetration differences 
as great as 25 percent (Moss, Toms, Vitali, and Merendino, 1966). 
B. Rock. Although some correlation of drilled depth with rock 
density has been found, the correlation is anything but ideal 
(Austin, 1964). A straight line gives a fair fit to a logarithmic 
plot of penetration versus (pj/Pr)~, where Pj is the jet density and 
Pr is the rock density (Figure 5). The slope of the line is tan 73 
degrees; agreement with the first-order hydrodynamic theory would 
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require a slope of tan 45 degrees. Penetration has been said to vary 
with the compressive strength of rock in an inverse logarithmic 
relation (Wade, Pohoriles, and Bell, n.d.). Quartz rock is reported 
to have an anomalously high resistance to penetration (Simon and 
Zernow, 1954). 
V. DESIGN FACTORS OF THE SHAPED CHARGE 
A. Metals (Brimmer, 1950; Klamer, 1964). 1 Linear scaling holds 
for the penetration of metals, i.e., penetration depth increases 
linearly with the size of the charge. However, for charges smaller 
than about 2 em in diameter, penetration is sometimes anomalously 
low because of manufacturing defects and a more sharply curved 
detonation wave (Dipersio, Jones, Merendino, and Simon, 1967). 
The optimum standoff depends greatly on the choice of metal for 
the liner (Figure 6). The more ductile metals tend to have larger 
lin this section, D refers to the liner diameter; elsewhere in 









1~----------~----~~--~--~--~~~~~ 5 6 7 8 9 10 
(pj/Pr>~ 
Figure 5. Logarithmic Correlation of Drilled Depth with (pj/Pr)~ 
for Fifteen Rock Types (Adapted from Austin, 1964) 
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values of optimum standoff. 1 For some conditions the collapse of a 
liner does not produce a jet; the collapse angle and collapse velocity 
of the liner determine regimes of jetting and nonjetting behavior 
(Sewell, 1965). 
There is a marked interaction between the effects of standoff and 
liner angle, so that a family of dissimilar curves represents the 
standoff effect for different angles (Figure 7). In general, the 
optimum standoff is greater on curves for larger liner angles. The 
deepest penetration by steel liners is obtained for a standoff of about 
2~ D with a liner angle of 60 degrees. For angles of 20 degrees and 
less, penetration is greatest at zero standoff. 
Penetration increases when the length of the explosive column is 
increased (Figure 8). However, penetration increases at a decreasing 
rate, and does not increase markedly beyond a length of about 3 D. 
Consequently, the most efficient charge length, in terms of the amount 
of penetration per quantity of explosive, is about 3 D. 
Decreasing the charge/cone diameter ratio increases the penetra-
tion up to a point {Figure 9). Although not shown by the curve, 
penetration begins to decrease again for ratios approaching unity. 
Other significant design factors include the liner thickness, 
which has an optimum level for most metals of between 0.01 and 0.06 D; 
the optimum value is greater for larger liner angles. Confinement of 
the charge has a relatively slight effect; in fact, confinement may 
at times be detrimental to penetration. 
lThe results discussed in the rest of this section on design 
factors for metals penetration are for steel liners. 
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Figure 6. Penetration Depth in Metal Versus Standoff for Five Metals 
Used for 45-Degree Liners (Adapted from Brimmer, 1950, and Klamer, 
1964) 
Standoff (D) 
Figure 7 . Penetration Depth in Metal Versus Standoff for Six Apex 











0~------------~------------~~------------~ 0 2 4 6 
Length (D) 
Figure 8. Penetration Depth in Metal Versus Charge Length; Steel 
45-Degree Liners, 1.8-D Standoff (Adapted from Brimmer, 1950, and 
Klamer, 1964) 




0._--------~~------~~--------~----~ 1.0 1.5 2.0 2.5 
Charge Diam./Liner Diam. 
Figure 9 . Penetration Depth in Metal Versus Charge/Liner Diameter 
Ratio (Adapted from Klamer, 1964) 
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Precision in the manufacturing of shaped charges is crucial to 
their optimum performance. An ellipticity of 1.7 percent of the cross-
section of the conical liner can decrease penetration by 10 percent. 
Reductions at least this large are also caused by a 0.5 degree mis-
alignment between the cone axis and the charge size, and by a 0.01 D 
lateral displacement of the cone axis relative to the charge axis. 
B. Rock. The discussion here will be restricted to the drilling 
effect of shaped charges. Their use for the secondary blasting of 
boulders is uneconomical compared to other methods, and will not be 
covered. 
Lewis and Clark (1946) conducted tests in granodiorite using 
explosive charges of 60 percent nitroglycerine dynamite with 45-degree 
cast iron liners. Varying the standoff distance, they obtained the 
deepest penetration at 0.7 D. Clark (1947) then extended the study 
using 60-degree cast iron liners. He recorded a twofold increase in 
drilled depth when the weight of explosive at constant diameter was 
tripled, and hence when the charge length was tripled. Using 100 
percent gelatin dynamite, he found that the optimum wall thickness was 
0.05 D, and that tapering the wall thickness, from 0.05 D at the base 
of the liner to 0.02 D at the apex, improved penetration. Clark 
pointed out that the design factors of the shaped charge interact with 
each other, citing particularly the fact that the optimum wall thick-
ness depends on the liner angle. 
Austin (1959:55), using explosive charges of composition C-3 with 
cast iron liners of 55-degree liner angle and 0.044-D thickness, 
studied the influence of charge length on the penetration of rhyolite. 
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Increasing the length from 0.8 to 4.5 D gave a consistent increase in 
depth, about twofold. The standoff effect was also studied, with the 
same charge design. The optimum standoff was zero in Coane limestone, 
the penetration decreasing monotonically with increasing standoff; in 
sharp contrast, the optimum standoff was 3 D in adamellite (Austin and 
Pringle, 1964). With similarly designed charges, the optimum standoff 
was found to be 1.5 D in quartz monzonite. 
Other studies include one by Kalia (1970:56), who reported that 
the highly ductile aluminum liners have relatively large optimum 
standoff distances for rock penetration. An investigation of the 
drilling of Barre granite by copper jets (Hughes, Lamb, Moavenzadeh, 
and McGarry, 1970:207) led to the conclusions that cone angle has 
little or no effect over the range from 45 to 90 degrees and that 
the best standoff distance over the range from 0 D to 5 D is zero. 
They used small charges having liner diameters of 0.6 to 1.9 em. 
Hughes, Lamb, Moavenzadeh, and McGarry (1970) checked also the 
use of shaped charges for softening rock to aid continuous tunnelling. 
Shaped charges were tested both on the surface of rock and within 
holes in rock. Linear shaped charges and novel geometries as well as 
cylindrical shaped charges were used. Cylindrical charges gave the 
usual penetrating effect. However, the authors reported that linear 
and novel geometries of shaped charges produced no visible cutting 
or penetrating effect; cratering and fragmentation were the only 
results. When shaped charges were placed within holes in rock, the 
cratering and fragmentation which they produced was not consistently 
greater than the amount produced by charges without cavities. 
Chapter 3 
DESIGN OF INVESTIGATION 
In this chapter the experimental design of the preliminary, 
factorial, and one-factor experiments is presented. The charge 
construction, experimental procedures, and statistical analysis are 
also discussed. 
I. EXPERIMENTAL DESIGN 
Prior to the main experiments, preliminary tests were conducted 
on dolomite, neat cement, mortar, and steel. Their purpose was to 
develop methods of fabricating shaped charges, to gain experience 
with their use, and to provide some information on shaped charge 
effects. Consequently, it was anticipated that these initially 
selected levels of the factors would prove to be relatively poor 
choices, and that because the methods of shaped-charge assembly were 
in the process of development, penetration would be relatively poor. 
However, these early tests permitted the main experiments to proceed 
on a much more sound basis. 
A. Preliminary experiments. 1 A variety of tests was conducted 
on dolomite, involving differences of charge size and shape, liner 
geometry, type of liner metal, and degree of confinement of the 
charge. Not only single cylindrical and cylindro-conical shaped 
lA tabulation is in Appendix B. 
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charges, but also triple-cylinder shaped charges, single- and 
quadruple-linear shaped charges, disc-shaped charges, an unlined-
cavity charge, plane-ended charges without cavities, and hole-
indexing charges were tested (Figures 10-13). 
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B. Factorial experiments on standoff, liner angle, and liner 
thickness. For the main investigation of the effects of standoff 
distance, liner angle, and liner thickness, full factorial experiments 
were conducted on seven rock types. Because it was expected that the 
dependence of penetration on the factors would be nonlinear, three 
levels were decided upon for each factor, this being the minimum 
number for the definition of nonlinear behavior. Since in situ 
Jefferson City dolomite and block specimens of Missouri red granite 
were abundantly available, all three factors were studied in these 
rock types. Two factors--standoff and liner angle--were investigated 
for Bedford limestone, Berea sandstone, Kitledge pink granite, Jasper 
quartzite, and Buena gabbro. And because the St. Peter sandstone 
disintegrated for tests at all but the largest standoff level, only 
the liner-angle effect was studied for that rock type. 
Thus 3x3x3 factorial experiments of 27 different treatments were 
carried out for Missouri granite and Jefferson City dolomite. 3x3 
factorial experiments having nine treatments were conducted for five 
rock types, and a one-factor experiment of three treatments was used 
for St. Peter sandstone. A few additional treatments were tested for 
Missouri granite and the dolomite, to supplement the information of the 
factorial experiments. And two replications were made of one treatment 
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The results of the preliminary tests were considered in the 
selection of the levels of each factor for the factorial experiments. 
The levels were equally spaced, so that the components of the effects 
could be mathematically determined. The values selected were: 
Standoff distance 
Liner apex angle 













The zero value of standoff was of particular interest because of the 
intended use of the shaped charge for combined drilling and blasting, 
where its blasting effect would be facilitated by greater depth in the 
hole. 
C. Other design factors. Other experiments were conducted to 
determine the effects of the size, 1 length, and shape of the charge, 
and the type of explosive. The charge length and the charge shape 
were studied concurrently in a factorial experiment. 
II. PROCEDURE 
A. Construction of shaped charges. A standard type of shaped 
charge (Table 1) was used throughout the experiments, except where 
otherwise noted. In the factorial experiment on the shape and length 
of the charge, no priming charge was used; the blasting cap was 
embedded 0.6 ern deep in the main charge.2 Many different shapes of 
charges were used in the preliminary experiments. 
lsize refers here to linear dimensions. 
21 in. • 2.54 em, 1 ft. = 0.3048 rn. 
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± 0.0025 em 
± 0.5 deg 
±0.25 em 
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The composition C-4 explosive (Appendix C) was pressed into the 
casing with dowelling while a clamp held the liner and casing rigidly. 
The weight and length of the explosive column was determined at five 
locations to ensure that density was constant; the casing was removed 
from several charges after they were formed to visually verify that 
the explosive column contained no voids. The blasting cap was aligned 
with the longitudinal axis of the charge using a coaxial guide, and 
its depth in the primer was preset with a calibrated punch. 
B. Shaped-charge drilling experiments. The line of drilling in 
all tests of the dolomite, limestone, and both sandstones was parallel 
to the bedding planes. The joints common in the dolomite and St. Peter 
sandstone were avoided. The direction of drilling in the gabbro, 
quartzite, and Kitledge granite was parallel to the joint plane of 
greatest discoloration (joint planes formed boundaries of these rock 
blocks but did not cut through the blocks). The irregularly shaped 
boulders of Missouri granite could not be mutually oriented, so 
drilling was at random orientations. Disintegration and extreme 
fragmentation of the rock specimens proved to be a problem with some 
rock types. 
All blasts were fired at the quarry sites of the experimental 
mine. After the tests, the hole and spall dimensions were determined. 
Cylindrical wire probes in sets of graduated diameters were used to 
measure not only the depth of the hole, but also the diameter of the 
hole at several locations along its length. The accuracy of the 
measurements was ±3 percent of the hole depth and ±15 percent of 
the hole diameter. 
C. Mechanical properties of rock. 1 Those properties which were 
measured are tabulated here, along with the respective number of test 






Ranked mechanical drillability 
Rebound hardness 
Secant modulus of elasticity 
Compressional wave velocity 










An analysis of variance and the k-ratio least-significant-
difference test were applied to the drilled depth, diameter, and 
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volume data from the following experiments: (1) the factorial experi-
ments on standoff, liner angle, and liner thickness for seven rock 
types; (2) the one-factor experiment on liner angle for one additional 
rock type; (3) the one-factor experiment on charge size for Missouri 
granite; and (4) the factorial experiment on charge length and type of 
charge. 
Because of the generally smaller drilled depths in the high-
strength igneous and metamorphic rock types compared to the low- and 
medium-strength sedimentary types, separate measures of the error 
variance (mean square) were necessary. For the experiments on the 
high-strength varieties, the error mean square was obtained from the 
lsee Appendix D for details of the tests, Appendix E for rock 
petrography, and Appendix F for rock microphotographs. 
2oetails and references are in Appendix G. 
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six replications of one treatment for Missouri red granite. No 
similar replications were done for any low- or medium-strength rock 
type. It was therefore necessary to select an approximation to the 
error mean square. The variance of the eight second-order inter-
actions from the 3x3x3 factorial experiment on dolomite was taken as 
the best approximation of experimental error for these varieties. For 
the data which was pooled for seven rock types to give a 3x3 design, 
the four first-order interactions were used as the error variance. 
Student's 't' test was applied to the drilled depth, diameter, 
and volume data from (1) the one-factor preliminary experiment on 
charge size for dolomite and (2) the one-factor preliminary experiment 
on the type of liner metal. Because these experiments were replicated 
three times, they provided their own error estimate. The 2~ 
association test was applied to the possible correlations among the 
rock properties, and to the possible correlations of rock properties 
with drilled depth, diameter, and volume. 
Throughout the analysis of variance, Student's 't' tests, and the 
2~ association test, a five percent level of significance was 
applied. Although significance levels are not used in the k-ratio 
least-significant-difference test, the k-ratio is more or less 
equivalent to a level of significance. A k-ratio of 100, which 
corresponds roughly to a five percent significance level, was adopted. 
In the calculation of the drilled diameters and volumes to which 
the statistical tests were applied, it was necessary to develop working 
definitions. Since the diameter of a drilled hole generally varied 
continuously along its length, the drilled diameter was arbitrarily 
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defined as the diameter at a depth in the hole of 2 D, which is beyond 
the extent of the spall in every case. In holes which were shallower 
than 2 D, the drilled diameter was defined as that at the bottom of 
the hole. To exclude the volume formed by spallation from the volume 
formed by drilling, the hole diameter throughout the spalled crater 




The tabulated and graphed results are presented and described in 
this chapter. The main topics deal with the factors of standoff, 
liner angle, and liner thickness, with charge size, shape, and length, 
and type of explosive and liner metal, and with rock properties. The 
phenomenology is also described. 
I • DRILLED DEPTH VERSUS STANDOFF, LINER ANGLE, 
AND LINER THICKNESS FROM FACTORIAL 
EXPERIMENTS ON SEVEN ROCK TYPES 
The penetration results in Tables 2 and 3 are each mean values 
for the three levels of a factor. The three different levels of each 
other factor are equally weighted in each mean. The pooled data of 
Table 4 and Figure 14 are means for seven rock types, but each value 
represents only one treatment of the factors. The drilled depth 
results in Figures 15-18 are means for three different levels of a 
factor; those in Tables 5-12 and Figures 19-24 are for individual 
treatments. 
Significant and nonsignificant differences between means are 
indicated in Table 3 as follows. Means between which the differences 
are nonsignificant, i.e., means which belong to the same population, 
are connected by underlining. Means which are significantly different 
are not connected by underlining. 
39 
Table 2. Summary of Mean Values of Drilled Depths (D) from Factorial 
Experiments on Standoff, Liner Angle, and Liner Thickness 
Rock Type Liner Angle ~deg) Standoff Liner Thickness ~D) 
45 67\ 90 0 H; 2\ 0.015 0.030 0.045 
7 types 4.1 3.9 3.6 2.5 4. 7 4.2 * * * (pooled) 
Missouri 2.6 2.2 2.0 1.7 2.9 2.2 2.3 2.4 2.1 
granite 
Jefferson 4.8 5.0 4. 7 3.0 5.8 5.7 4.4 5.3 4.9 
City 
dolomite 
Bedford 5.3 5.6 5.2 3.6 6.7 5.9 * * * 
limestone 
Berea 6.0 5.9 4. 7 3.4 6.7 6.4 * * * 
sandstone 
Kit ledge 3.7 2.6 2.8 2.0 3.9 3.2 * * * 
granite 
Jasper 2.5 2.5 2.2 1.8 2.7 2.6 * * 
~·, 
quartzite 
Buena 3.0 2.5 2.3 1.4 3.6 2.9 * * * 
gabbro 
St. Peter 7.9 9.5 6.3 * * * * * * 
sandstone 
*This level was not included in the experiment. 
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Table 3. Summary of Significant Effects for Drilled Depths (D) from 



















































































Table 3. (continued) 
Component 
Significant Significant Levels, Means and 
Rock Type Effect at 5% Level Significant Differences 
B. sandstone liner angle linear 
liner angle total goo 67~0 45° 
4.7 5.g 6.0 
standoff linear 
standoff quadratic 
standoff total 0 D 2~ D 1~ D 




K. granite liner angle none 67~0 goo 45° 
2.6 2.8 3.7 
standoff linear 
standoff quadratic 
standoff total 0 D 2~ D l]z; D 
2.0 3.2 3.9 
quartzite none none 
gabbro standoff linear 
standoff quadratic 
standoff total 0 D 2~ D 1~ D 
1.4 2.g 3.6 
s . P. sandstone liner angle quadratic 
liner angle total goo 45° 67~0 
6.3 7.6 g.5 
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Table 4. Drilled Depth, Diameter, and Volume for Pooled Data from 
Factorial Experiments on Seven Rock Types 
Drilled Drilled Drilled 
Angle Standoff Depth Diameter Volume 
(deg) (D) (D) (D) (D3) 
45 0 2.6 0.21 0.190 
45 1~ 5.0 0.18 0.168 
45 2% 4.5 0.27 0.409 
67% 0 2.5 0.19 0.143 
67% 1~ 4.7 0.21 0.230 
67% 2% 4.3 0.20 0.2ll 
90 0 2.3 0.17 0 .ll7 
90 1~ 4.5 0.21 0.210 
90 2% 4.0 0.24 0.211 
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Table 5. Drilled Depth, Diameter, and Volume from Factorial 
Experiment and Supplementary Tests on Missouri Red Granite 
Charge Drilled Drilled Drilled 
Number Angle Thickness Standoff Depth Diameter Volume 
(deg) (D) (D) (D) (D) (D3) 
45 45 0.015 0 2.8 0.27 0.231 
67 45 0.015 1~ 2.0 0.08 0.042 
102 45 0.015 2~ 2.5 0.22 0.109 
103 45 0.030 0 2.1 0.19 0.043 
68 45 0.030 1~ 3.0 0.25 0.116 
115 45 0.030 1~ 1.9 0.08 0.070 
164 45 0.030 1~ 3.6 0.09 0.027 
166 45 0.030 1~ 2.5 0.08 0.017 
170 45 0.030 1~ 3.2 0.09 0.024 
171 45 0.030 1~ 2.9 0.11 0.025 
46 45 0.030 2~ 2.8 0.16 0.097 
104 45 0.045 0 1.6 0.08 0.062 
47 45 0.045 1~ 4.3 0.08 0.042 
114 45 0.045 2~ 2.2 0.08 0.081 
86 45 0.060 1~ 1.4 0.08 0.030 
106 67~ 0.015 0 1.9 0.08 0.081 
48 67~ 0.015 1~ 2.8 0.10 0.056 
107 67~ 0.015 2~ 2.1 0.17 0.062 
49 67~ 0.030 0 2.0 0.08 0.053 
69 67~ 0.030 1~ 3.3 0.15 0.079 
108 67~ 0.030 2~ 2.0 0.12 0.072 
109 67~ 0.045 0 1.0 0.00 0.142 
70 67~ 0.045 1~ 2.8 0.25 0.141 
50 67~ 0.045 2~ 1.5 0.08 0.008 
84 67~ 0.060 1~ 2.3 0.14 0.047 
110 90 0.015 0 1.1 0.08 0.006 
71 90 0.015 1~ 2.1 0.10 0.076 
51 90 0.015 2~ 3.1 0.17 0.079 
111 90 0.030 0 1.4 0.08 0.007 
52 90 0.030 1~ 3.1 0.13 0.047 
112 90 0.030 2~ 2.0 0.17 0.070 
53 90 0.045 0 1.2 0.17 0.027 
72 90 0.045 1~ 2.9 0.21 0.116 
113 90 0.045 2~ 1.4 0.17 0.032 
85 90 0.060 1~ 1.6 0.21 0.078 
14 60 0.060 2~ 2.3 n.m. n.m. 
18 60 0.060 2~ 1.9 n.m. n.m. 
37 75 0.030 2~ 3.0 n.m. n.m. 
139 22~ 0.015 0 1.2 0.08 0.010 
142 22~ 0.030 0 2.0 0.08 0.032 
143 22~ 0.030 0 2.1 0.10 0.030 
145 22~ 0.045 0 1.9 0.13 0.064 
144 22]:z 0.030 1~ 2.6 0.08 0.013 
209 22~ 0.030 2]:z 1.3 0.11 0.019 
n.m. - not measured. 
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Table 6. Drilled Depth, Diameter, and Volume from Factorial 
Experiment and Supplementary Tests on Jefferson City Dolomite 
Charge Drilled Drilled Drilled 
Number Angle Thickness Standoff Depth Diameter Volume 
(de g) (D) (D) (D) (D) (D3) 
54 45 0.015 0 3.0 0.30 0.296 
77 45 0.015 1\ 5.8 0.47 0.346 
90 45 0.015 2lz 5.5 0.44 0. 728 
91 45 0.030 0 3.6 0.41 0.551 
78 45 0.030 1\ 6.9 0.36 0.524 
55 45 0.030 2lz 5.1 0.30 0.412 
92 45 0.045 0 3.2 0.42 0.610 
56 45 0.045 1\ 5.9 0.17 0.165 
93 45 0.045 2lz 4. 7 0.35 0.418 
94 67lz 0.015 0 2.6 0.27 0.648 
63 67lz 0.015 1\ 5.3 0.40 0.434 
95 67lz 0.015 2lz 5.5 0.42 0.635 
58 67lz 0.030 0 2.5 0.32 0.300 
79 67lz 0.030 1\ 6.7 0.31 0.471 
96 67lz 0.030 2lz 6.8 0.34 0.448 
97 67}z 0.045 0 4.2 0.45 0.586 
80 67lz 0.045 1-1; 5.8 0.30 0.370 
59 67}z 0.045 2lz 5.7 0.34 0.475 
98 90 0.015 0 2.1 0.25 0.422 
81 90 0.015 1\ 4.2 0.50 0.454 
60 90 0.015 2lz 5.2 0.41 0.572 
99 90 0.030 0 3.7 0.41 0.414 
61 90 0.030 H; 5.8 0.32 0.555 
100 90 0.030 2lz 7.1 0.35 0.586 
62 90 0.045 0 2.7 0.37 0.264 
83 90 0.045 1\ 5.9 0.31 0.418 
101 90 0.045 2~ 5.8 0.30 0.395 
12 60 0.060 2~ 3.9 0.23 0.248 
13 60 0.060 2~ 3.6 n.m. n.m. 
89 22}z 0.015 0 4.8 0.36 0.448 
88 22}z 0.030 0 3.0 0.34 0.200 
87 22lz 0.045 0 4.6 0.27 0.344 
n.m. - not measured. 
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Table 7. Drilled Depth, Diameter, and Volume from Factorial 
Experiment on Bedford Limestone 
Charge Drilled Drilled Drilled 
Number Angle Standoff Depth Diameter Volume 
(deg) (D) (D) (D) (D3) 
138 45 0 3.8 0.25 0.261 
135 45 H; 6.7 0.19 0.174 
155 45 2~ 5.5 0.30 0.277 
161 67~ 0 3.7 0.26 0.197 
159 67~ H; 7.0 0.32 0.486 
158 67~ 2~ 6.1 0.25 0.414 
160 90 0 3.2 0.19 0.089 
153 90 1~ 6.3 0.17 0.168 
154 90 2~ 6.1 0.29 0.414 
Table 8. Drilled Depth, Diameter, and Volume from Factorial 
Experiment on Berea Sandstone 
Charge Drilled Drilled Drilled 
Number Angle Standoff Depth Diameter Volume 
(deg) (D) (D) (D) (D3) 
163 45 0 3.1 0.29 0.327 
117 45 1~ 7.3 0.26 0.298 
157 45 2~ 7.6 0. 73 1.857 
176 67~ 0 3.6 0.16 0.280 
172 67~ 1~ 7.4 0.26 0.380 
194 67~ 2~ 6.9 0.28 0.412 
169 90 0 3.5 0.22 0.205 
167 90 1~ 5.5 0.38 0.524 
168 90 2~ 4.9 0.25 0.239 
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Table 9. Drilled Depth, Diameter, and Volume from Factorial 
Experiment on Kitledge Pink Granite 
Charge Drilled Drilled Drilled 
Number Angle Standoff Depth Diameter Volume 
(deg) (D) (D) (D) (D3) 
202 45 0 1.9 0.13 0.070 
126 45 H; 4.7 0.13 0.051 
199 45 2~ 4.6 0.19 0.146 
174 67~ 0 2.5 0.18 0.080 
179 67~ H; 3.1 0.11 0.031 
175 67~ 2~ 2.1 0.10 0.044 
177 67~ 2~ 2.3 0.10 0.032 
184 90 0 1.5 0.13 0.039 
162 90 1~ 3.4 0.17 0.078 
182 90 1~ 4.6 0.14 0.069 
173 90 2~ 3.0 0.25 0.070 
Table 10. Drilled Depth, Diameter, and Volume from Factorial 
Experiment on Jasper Quartzite 
Charge Drilled Drilled Drilled 
Number Angle Standoff Depth Diameter Volume 
(de g) (D) (D) (D) (D3) 
156 45 0 2.5 0.15 0.065 
227 45 1~ 2.6 0.11 0.038 
137 45 2~ 2.1 0.06 0.024 
196 67~ 0 1.6 0.08 0.028 
195 67~ 1~ 2.5 0.15 0.066 
149 67~ 2~ 3.3 0.13 0.040 
183 90 0 1.1 0.08 0.006 
133-a 90 1~ 3.4 0.13 0.048 
152 90 2~ 2.6 0.11 0.031 
151 90 2~ 2.5 0.12 0.026 
Table 11. Drilled Depth, Diameter, and Volume from Factorial 
Experiment on Buena Gabbro 
Charge Drilled Drilled 
Number Angle Standoff Depth Diameter 
(deg) (D) (D) (D) 
133-b 45 0 1.4 0.08 
134 45 1~ 4.1 0.11 
136 45 2~ 3.6 0.13 
129 67~ 0 1.3 0.25 
120 67~ 1~ 3.2 0.19 
148 67~ 2~ 3.0 0.16 
132 90 0 1.4 0.08 
123 90 1~ 3.3 0.17 














Table 12. Drilled Depth, Diameter, and Volume from Experiment on 











































Figure 14. Average Drilled Depth Versus Standoff and Liner Angle from 
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Figure 15. Average Drilled Depth Versus Standoff and Liner Angle from 






















Figure 16. Average Drilled Depth Versus Standoff and Liner Thickness 
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Figure 17. Average Drilled Depth Versus Standoff and Liner Angle from 
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Figure 18. Average Drilled Depth Versus Standoff and Liner Thickness 
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Figure 19. Drilled Depth Versus Standoff and Liner Angle from 
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Figure 20. Drilled Depth Versus Standoff and Liner Angle from 
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Figure 21. Drilled Depth Versus Standoff and Liner Angle from 
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Figure 22. Drilled Depth Versus Standoff and Liner Angle from 




















Figure 23. Drilled Depth Versus Standoff and Liner Angle from 
Factorial Experiment on Buena Gabbro 
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Figure 24. Drilled Depth Versus Liner Angle from Experiment on 




A. Means for all rock types (Tables 2 and 3). The summaries of 
means, statistically significant effects, and significant differences 
between means establish that 45 degrees and 1~ D are the best design 
values for the liner angle and standoff distance, respectively. These 
are the optimum values not only for the pooled data of seven rock 
types, but also for most of the individual rock types. 
The liner angle of 45 degrees is best for four of the rock types 
and gives the same penetration as does 67~ degrees for another type. 
For the other three rock types, 45 degrees is only slightly less than 
optimum, and for one of these the results are individual values rather 
than mean values. 
The standoff of 1~ Dis best for seven out of seven rock types. 
In six of these the effect of standoff is statistically significant. 
The penetration is significantly greater for 1~ D than for the other 
standoff values in one rock type. For five others, 1~ D is not 
significantly better than 2~ D, but each is significantly better than 
0 D. 
The summaries for drilled depth establish also that 0.030 D is 
the best design value for liner thickness. It is optimum in two out 
of two rock types, in one of which the effect is significant. 
Recapitulating, the best design for a shaped charge with a cast 
iron liner and composition C-4 explosive includes a liner angle of 45 
degrees, a standoff of 1~ D, and a liner thickness of 0.030 D. 
Detailed information on the effects of the design factors for the 
pooled data and for individual rock types is given in the following 
subsections, B through J. 
B. Pooled data for seven rock types (Table 4 and Figure 14). 
The liner angle of 45 degrees is better than 67~ degrees at all 
standoff values, though not significantly so. Both are significantly 
better than 90 degrees. The standoff of 1~ D gives significantly 
deeper penetration than does either other value at all liner angles. 
The absence of significant interactions is reflected in the similar 
shape of the three standoff curves in the family of curves. 
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C. Missouri granite (Table 5 and Figures 15 and 16). The 
standoff of 1~ D gives significantly greater drilling depths than do 
the other standoffs at all liner angles. There is a significant 
increase in the quadratic effect of standoff as thickness increases. 
This is reflected in the family of standoff curves for different 
thicknesses, which change from linear to strongly curvilinear as the 
thickness increases from 0.015 to 0.045 D. An envelope tangent to the 
curves gives the best combination of thickness with standoff distance, 
for the entire range of standoff values. 
The optimum values for liner angle and thickness are 45 degrees 
and 0.030 D, respectively, though neither effect is significant. The 
45-degree liner angle is best for all standoff values. 
D. Jefferson City dolomite (Table 6 and Figures 17 and 18). The 
drilled depth means are greater for a standoff of 1~ D than for 2~ D, 
though not significantly so. Both are significantly better than 0 D. 
The drilled depth for a liner thickness of 0.030 D is significantly 
greater than for 0.015 D. The effect of liner angle is not 
significant. The absence of significant interactions is reflected in 
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the similar shape of the three standoff curves for different liner 
thickness, though the three curves for different liner angles are 
somewhat dissimilar. The supplementary tests for 22~-degree liners 
indicate that they are reasonably effective for the thinnest liner 
walls and no standoff; the drilled depths at these conditions for 22~-, 
45-, 67~- and 90-degree liners are 4.8, 3.0, 2.6, and 2.1 D, 
respectively. In fact, 22~-degree liners gave the best penetration of 
all angles at zero standoff. An envelope to the curves again provides 
additional information. 
E. Bedford limestone (Table 7 and Figure 19). The standoff of 
1~ D is better than 2~ D at all liner angles, though not significantly 
so. Both are significantly better than 0 D. Although the effect of 
liner angle is not significant, at zero standoff slightly deeper 
drilling is produced by 45-degree liners. The absence of significant 
interactions is shown graphically by the similar shape of the three 
standoff curves. 
F. Berea sandstone (Table 8 and Figure 20). The 45-degree liner 
angle gives a larger average penetration than does 67~ degrees, though 
not significantly larger. Both are significantly better than 90 
degrees. At zero standoff, 67~ degrees is barely the best. The 
inverse effect of liner angle on penetration is significantly greater 
for larger standoffs. The 1~-D standoff gives deeper average penetra-
tion than does 2~ D, though not significantly so. Both give 
significantly deeper penetration than does 0 D. The interaction of 
the linear components of standoff and liner angle is statistically 
significant. Graphically this shows up as a reduction of the linear 
effect of standoff at larger angles, and as an envelope tangent to 
the curves. 
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G. Kitledge granite (Table 9 and Figure 21). Forty-five degrees 
is significantly better than either other liner angle. However, 67~ 
degrees is best at zero standoff. The 1~-D standoff is better than 
2~ D at all liner angles, though not significantly so; both are on the 
average better than 0 D. 
H. Jasper quartzite (Table 10 and Figure 22). The average 
drilled depths for 45- and 67~-degree liner angles are equal, and each 
is greater than for 90 degrees. At zero standoff the greatest pene-
tration is given by a 45-degree liner angle. The mean depth is 
greatest for a standoff of 1\ D. However, no effects are significant, 
either statistically or graphically. Because of the large amount of 
scatter, an envelope of the curves is not shown. 
I. Buena gabbro (Table 11 and Figure 23). The standoff of 1~ D 
is better than 2~ D at all liner angles, though not significantly so. 
Each is significantly better than 0 D for all liner angles. Forty-five 
degrees is the liner angle most favorable for penetration at every 
standoff value. This effect is not statistically significant, however. 
And at zero standoff, the depth for 45 degrees is actually tied with 
90 degrees, and only slightly greater than for 67~ degrees. The 
absence of significant interactions is reflected in the similar shape 
of the three standoff curves. 
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J. St. Peter sandstone (Table 12 and Figure 24). The liner angle 
of 67~ degrees is significantly better than 45 or 90 degrees. It 
should be noted, however, that these results are individual values 
rather than mean values, and that there is only one curve which 
provides information on the effect of the liner angle. 
II. DRILLED DIAMETER AND VOLUME VERSUS STANDOFF, 
LINER ANGLE~ AND LINER THICKNESS FROM FACTORIAL 
EXPERIMENTS ON SEVEN ROCK TYPES 
None of the individual or interaction effects of standoff 
distance, liner angle, or liner thickness for either drilled diameter 
or volume was found to be significant. This was true for each rock 
type and for the pooled data. In other words, variances due to 
differences between treatment means were too small to be significant 
when compared to the error variance. Correspondingly, there was no 
treatment of the design factors which was consistently the optimum 
treatment among the eight rock types. 
III. DRILLED DEPTH~ DIAMETER, AND VOLUME VERSUS 
OTHER DESIGN FACTORS 
The significant effects of the factors of charge size, shape, and 
length, and the type of explosive and liner metal are summarized in 
Table 13. Also shown are the significant differences between means. 
A. Charge size (Table 14 and Figures 25-27). A linear variation 
of drilled depth and diameter with charge size is apparent and is 
statistically significant in Missouri granite. All differences between 
the factor levels are significant. There is no quadratic effect. 
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Table 13. Sununary of Significant Effects for Drilled Depth, Diameter, 
and Volume from Experiments on Other Design Factors 
Component 
Signi- Signifi-
ficant Rock cant at Levels, Means and 
Effect Type Response 5% Level Significant Differences 
charge Missouri drilled linear 
size granite depth 
charge Missouri drilled total 1.00 1.82 2.72 
size granite depth 9.9 em 19 em 28 em 
charge Missouri drilled linear 
size granite diameter 
charge Missouri drilled total 1.00 1.82 2.72 
size granite diameter 0.36 em 1.0 em 1.6 em 
charge Missouri drilled linear 
size granite volume 
charge Missouri drilled total 1.00 1.82 2.72 
size granite volume 1.1 cm3 18.1 cm3 43.3 cm3 
charge dolomite drilled total 1.7 2.5 
size depth 28 em 58 em 
charge dolomite drilled total 1.7 2.5 
size diameter 1.3 em 2.2 em 
charge Missouri drilled linear 
length granite depth 
charge Missouri drilled total 1.5 D 2.0 D 2.5 D 3.0 D 
length granite depth 1.0 D 1.8 D 2.8 D 3.3 D 
67% 100% C-4 
explo- Missouri drilled total 0.0 D 1.3 D 2.9 D 
sive granite depth 
type 
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Table 14. Drilled Depth, Diameter, and Volume for Three Charge Sizes 
in Missouri Red Granite; Size in Multiples of the Standard Size; 550 
Liner Angle, 0.030-D Liner Thickness 
Charge Rock Charge Drilled Drilled Drilled 
Number Type Standoff Size DeEth Diameter Volume 
(D) (em) (D) (em) (D) (cm3) (D3) 
214 granite 1.25 1.0 9.9 3.3 0.36 0.12 1.1 0.042 
191 granite 1.25 1.8 19 3.5 1.0 0.19 18.1 0.110 
189 granite 1.25 2.7 28 3.4 1.6 0.19 43.3 1.079 
Table 15. Drilled Depth, Diameter, and Volume in Missouri Red Granite 
for Factorial Experiment on Four Lengths of Cylindrical and Cylindro-
Conical Charges of Constant Diameter; 45° Liner Angle, 0.030-D Liner 
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Figure 25. Drilled Depth Versus Charge Size for Missouri Red Granite; 
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Figure 26. Drilled Diameter Versus Charge Size for Missouri Red 
Granite; Size in Multiples of the Standard Size; 55° Liner Angle 













Figure 27. Drilled Volume Versus Charge Size for Missouri Red Granite; 
Size in Multiples of the Standard Size; 55° Liner Angle and 0.030-D 
Liner Thickness 
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Graphically, drilled depth versus charge size (in multiples of the size 
of a standard charge) is well represented by a straight line (Figure 
25). It intercepts the origin, indicating that charge size and drilled 
depth are directly proportional. The drilled diameter data, however, 
exhibit a greater-than-proportional increase with charge size 
(Figure 26); again a linear fit is good for all three levels. 
For the drilled volume the linear component of the variation with 
size is significant, and all differences between the factor levels are 
significant. The quadratic component, however, is not statistically 
significant in this sample. The number of levels is too few for a 
determination of the cubic component. The rate of increase with charge 
size is again greater than proportional (Figure 27). 
B. Charge shape (Table 15 and Figure 28). Differences in drilled 
depth between cylindrical and cylindro-conical (beehive) charges are not 
statistically significant in this experiment on Missouri red granite. 
At a length of 3 D, where results for standard type charges (Table 5) 
are also graphed, the differences in average penetration depth among all 
three types of charge are within the range of experimental error. 
Differences in drilled diameter and volume between cylindrical and 
cylindro-conical charges are not statistically significant. 
In preliminary experiments, grooves were successfully cut in 
Missouri granite by disc-shaped charges, and in dolomite by both disc-
shaped charges and linear shaped charges. 1 The depth of cutting of the 
granite varied from 0.2 to 0.5 D. The depth of cutting of the dolomite 






c:l 0 cylindrical (standard) .._, 
..c:: l::J cylindrical 0 .1-J 







0 1 2 3 
Length (D) 
Figure 28. Drilled Depth in Missouri Red Granite Versus Length of 
Charge at Constant Diameter for Cylindrical, Cylindrical (Standard), 
and Cylindro-Conical Charges 
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7l 
ranged from 0.2 to 1.1 D for disc-shaped charges, and from 0.4 to 1.5 
D for linear shaped charges. 
C. Charge length (Table 15 and Figure 28). The linear component 
of the effect of charge length on drilled depth at constant diameter 
in Missouri granite is significant; the quadratic and cubic components 
are not. However, the inclusion of data for standard type charges 
indicates that depth increases at a decreasing rate, the variation 
being nonlinear in the vicinity of 2.5- to 3.0-D lengths. The drilled 
diameter and volume are not significantly influenced by the charge 
length. 
D. Type of explosive (Table 16). The superiority of composition 
C-4 over 100 percent blasting gelatin and a dynamite of 67 percent 
weight strength, in this experiment on Missouri granite, is significant 
in terms of penetration depth; so is the superiority of 100 percent 
gelatin over 67 percent dynamite. In fact, no penetration was obtained 
in two replications using the latter. Thus both the drilled diameter 
and volume for 67 percent dynamite are, obviously, significantly less 
than for the other two explosives. Differences between C-4 and 100 
percent gelatin in terms of drilled diameter and volume, however, are 
not significant in this sample of data. 
E. Type of liner metal. 1 The difference between cast iron liners 
and Armco iron liners, 2 in terms of the average drilled depth in 
lsee Appendix B, Table B-1. 
2Armco iron is ferrite with iron-oxide inclusions. 
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Jefferson City dolomite, is not significant. Neither is the difference 
in terms of drilled diameter or drilled volume. It should be noted 
that these data are from the preliminary experiments. 
Table 16. Drilled Depth, Diameter, and Volume in Missouri Red Granite 
for Three Types of Explosive; 450 Liner Angle, 0.030-D Liner Thickness, 
H;-D Standoff 
Charge Drilled Drilled 













composition c-4 3.0 0.25 
composition C-4 1.9 0.08 
composition C-4 3.6 0.09 
composition c-4 2.5 0.08 
composition C-4 3.2 0.09 
composition C-4 2.9 0.11 
100% blasting gelatin 1.3 0.08 
100% blasting gelatin 1.5 0.10 
100% blasting gelatin 1.1 0.12 
67% dynamite 0.0 0.00 
6 7% dynamite 0.0 0.00 
















At the five percent level of significance, the specific gravity 
for eight rock types correlates with six other mechanical properties: 
apparent porosity, compressive strength, tensile strength, rebound 
hardness, secant modulus of elasticity, and ranked mechanical drilla-
bility (Table 17 and Figures 29 and 30). The correlation with 
porosity is inverse; with the other five properties it is direct. 
The relationship with drillability holds for the bases of both 
drilling rate and drilled diameter. Specific gravity is not related 
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Table 17. Mechanical Properties of Eight Rock Types 
Bed- St. Jeff. Kit-
ford Berea Peter City Mo. ledge Jasper 
Lime- Sand- Sand- Dolo- Gran- Gran- Quart- Buena 
stone stone stone mite ite ite zite Gabbro 
specific 
gravity 2.2 2.2 2.3 2.4 2.6 2.6 2.6 3.1 
apparent 
porosity, 
percent 11.7 11.4 12.3 9.7 0.4 0.8 0.5 0.3 
compressive 
strength, 
kg/cm2 562 607 395 335 1,620 1,708 3,420 2,280 
tensile 
strength, 
kg/cm2 47.9 47.3 21.2 45.8 99.1 112 256 167 
ultimate 
strain, 








diameter basis 4 3 2 1 5 6 7 8 
rebound 




los kg/em 2.92 1.40 1.35 2.44 5.83 4.06 7.38 7.52 
compressional 
wave velocity, 
4.51 3.29 5.46 6.46 km/sec 4.48 2.61 2.14 4. 79 
S~mbol Response 14 
0 tensile strength 
-N e s [!) compressive strength 


















~ Q) D 
•rl 1-< 









2.4 2.6 2.8 3.0 
Specific Gravity 
Figure 29. Correlation of Specific Gravity with Tensile Strength, 
Compressive Strength, Apparent Porosity, and Secant Modulus of 































20 A Symbol Response 
0 hardness 







2.2 2.4 2.6 2.8 3.0 
Specific Gravity 
Figure 30. Correlation of Specific Gravity with Rebound Hardness 
and Ranked Mechanical Drillability (Drilling Rate and Drilled 

















to two mechanical properties--wave velocity and ultimate strain. 
Neither is there a correlation between the latter two rock properties 
in these samples. 
Because the density of the hypervelocity jet from the shaped 
charge is the same for all eight rock types, the specific gravity of 
rock can also be employed in the form of (pj/Pr)~ and (pj/Pr)3/2. 
These are scaled measures of the ratio of jet density, Pj• to rock 
density, Pr· 
When penetration data for the optimum charge design in each rock 
type are used, drilled depth and diameter correlate directly with 
(Pj1Pr)~ and drilled volume correlates directly with (Pj1Pr)3/2 
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(Table 18 and Figure 31). This is equivalent to an inverse correlation 
with rock density. A straight line gives a reasonably good fit to all 
three sets of data on logarithmic coordinates. The slope of each line 
is approximately tan 82 degrees. 
Drilled depth (and diameter and volume) also correlate directly 
with porosity and inversely with compressive strength, tensile 
strength, hardness, modulus of elasticity, and drillability (Figures 
32-37). The specific nature of the direct correlation between drilled 
depth and porosity is poorly established because of the lack of inter-
mediate values of porosity. Drilled depth decreases exponentially 
with increasing compressive strength, tensile strength, drillability, 
and modulus of elasticity; in the case of drillability and modulus of 
elasticity, the decrease is nearly linear. Apparently a linear 
relationship exists between increasing drilled depth and decreasing 
hardness. 
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Table 18. Drilled Depth, Diameter, and Volume, at Optimum Design 
Treatment, and Scaled Jet/Rock Density Ratio (Pj I Pr) for Eight 
Rock Types 
(pj/Pr)~ (Pj I Pr) 312 
Drilled Drilled Drilled 
Rock Type Depth Diameter Volume 
(D) (D) (D3) 
Buena 1.52 3.54 4.1 0.11 0.040 
gabbro 
Jasper 1.66 4.61 2.6 0.11 0.038 
quartzite 
Kit ledge 1.66 4.61 4. 7 0.13 0.051 
granite 
Missouri 1.66 4.61 2.9 0.12 0.059 
granite 
Jefferson 1. 73 5.20 6.9 0.36 0.524 
City 
dolomite 
St. Peter* 1.77 5.54 9.5 0.25 0.362 
sandstone 
Berea 1.81 5.92 7.3 0.26 0.298 
sandstone 
Bedford 1.81 5.92 6.7 0.19 0.174 
limestone 
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The holes drilled in rock by shaped charges typically have length/ 
diameter ratios between 15 and 50 (Figures 38 and 39). At the optimum 
design condition, drilled depths range from the value of 2.6 D for 
quartzite to the value of 9.5 D for St. Peter sandstone, drilled 
diameters vary from 0.11 D for quartzite and gabbro to 0.36 D for 
dolomite, and drilled volumes range from the 0.038 n3 value for 
quartzite to the 0.524 n3 value for dolomite. Despite the irregularity 
of the three holes drilled using 100 percent blasting gelatin, the 
holes drilled in rock are usually quite regular, as illustrated. 
The holes in the granites, the gabbro, and the quartzite--
igneous and metamorphic rock types which are relatively hard and high 
in strength--are relatively shallow and untapered, compared to those 
in low- and medium-strength rock types. The visible effects in the 
high-strength rocks fit the crushed-zone mode in at least seven of the 
nine characteristics described by Austin (1964): 
1. immediate cratering is conspicuous; 
2. the delayed spallation of partially attached slabs of rocks 
at the crater occurs as much as 15 minutes after the detonation; 
audible rock noises occur between the times of detonation and delayed 
spallation in about one-third of the igneous specimens; 
3. the crushed zone has a diameter approximately equal to 1 D 
and extends to a depth of approximately 0.5 D beyond the bottom of the 
hole in all the rock types; the crushed rock has a whitened color 
compared to the intact rock; 
Limestone, 
Charge No. 135 
Berea 
Sandstone, 
Charge No. 117 
St. Peter 
Sandstone, 
Charge No. 197 
original rock surface 
Dolomite, 
Charge No. 78 
Figure 38. Representative Cross-Sections of Holes Drilled by Shaped 
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Granite, 
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Figure 39. Representative Cross-Sections of Holes Drilled by Shaped 
Charges in Rock of High Strength and Hardness; Half-Size 
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4. fracturing around the walls of the hole is relatively minor;l 
however, large fractures occur at the end of the hole; they extend 
about 0.5 D from the end of the hole, are conchoidal and fan-like in 
shape, form at an average angle of about 30 degrees with respect to 
the longitudinal axis of the hole, and are filled with jet oxides and 
metal; 
5. there is evidence that considerable strain energy is stored; 
6. in some Missouri granite specimens, the walls of the holes 
are observed to be unstable, the crushed material moving into and 
filling the hole 24 hours or more after drilling occurs; when some of 
the crushed granite is scraped out immediately after drilling, the 
underlying crushed material sloughs immediately;2 
7. unlike the description by Austin, the walls of the holes are 
found to be almost completely coated by jet debris; the coating from 
a cast iron liner is the typical dark gray of an iron oxide; after 
prolonged outdoor exposure, it oxidizes further to a characteristic 
rust color; 
8. the plugging of the hole by liner oxides and metal occurs in 
approximately one-third of the test specimens, is located in the 
bottom 0.3 D of the length of the hole, usually amounts only to 
partial plugging, and consists of a weak, cinder-like deposit; the 
slug, however, is almost never found in the hole; in the material 
!Fracturing at four distances with respect to the line of drilling 
(the axis of the hole) is shown in microphotographs in Appendix F. 
2rnstability of the walls was not studied for the gabbro, the 
quartzite, or the Kitledge granite. 
which plugs and coats the hole, macroscopic metallic spheres are 
observed occasionally; 1 
9. the observations neither confirm nor refute Austin's state-
ment that holes are formed in these rock types mainly by the 
expulsion of rock from the hole, along with some compaction. 
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Visible effects in the limestone and dolomite do not seem to fit 
the stable mode of penetration described for some carbonates by Austin 
(1964). Along with the two sandstones, they seem instead to be some-
where between the stable and crushed-zone modes, not corresponding 
well to either. All four rock types--relatively soft sedimentary 
varieties of low and medium strengths--are characterized by greater 
depths of penetration and more sharply tapered walls than are the 
high-strength rocks. The former are also typified by the following 
phenomenology: 
1. immediate cratering is of relatively small volume; 
2. it is not followed by microseismic activity or delayed 
spallation; 
3. although the crushed zone is less conspicuously whitened 
than in the high-strength rock types, it is nevertheless present in 
the same dimensions and with the same degree of crushing; 
4. unlike earlier reports, a large envelope of fractures is not 
observed; however, large fractures extend beyond the bottom of the 
hole, as in high-strength rock; 
5. there is little evidence of strain energy storage, except 
for 
lThey were observed in four of the specimens of high-strength rock. 
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6. instability of the walls of the hole, which was observed in 
dolomite; 1 
7. the walls have a thin, patchy coating of jet material; 
8. there is no plugging of the hole by jet debris or by the slug; 
9. the phenomenology does not provide information on the 
relative importances of rock expulsion and compaction in the hole-
formation process. 





In this chapter the effects of the design factors, the influence 
of rock properties, and the phenomenology of penetration in rock are 
discussed. Some attention is also given to materials for constructing 
shaped charges and to the hazards to the environment, health, and 
safety involved in their usage. 
I. DRILLED DEPTH VERSUS STANDOFF, LINER ANGLE, 
AND LINER THICKNESS FROM FACTORIAL EXPERIMENTS 
ON SEVEN ROCK TYPES 
The finding that the optimum shaped charge design is essentially 
independent of rock type is of practical importance. Considerable 
savings can result from the restriction of a production line to one 
charge design rather than several. This holds for the possible 
commercial production of shaped charges for rapid excavation as well 
as for currently manufactured charges such as those for oil well 
perforation. 
The optimum levels of the design factors--lt-D standoff, 45-
degree liner angle, and 0.030-D liner thickness--should be taken as 
approximate rather than precise measures of the optimum design of C-4 
charges with cast iron liners. The factor levels were necessarily 
widely spaced in the experiments. Consequently, the truly optimum 
levels may well be anywhere within the ranges of 1.0 to 1.5 D for 
standoff, 40 to 50 degrees for liner angle, and 0.027 to 0.033 D for 
liner thickness. And as a result of this, a shaped charge could be 
constructed with the design factors at levels somewhat different from 
the indicated optima, because of other considerations, and still 
perform well. The presence of interactions among the factors can 
further facilitate the maintaining of good shaped-charge performance 
when a factor must be altered considerably from its indicated optimum 
level. 
The optimum standoff distance for cast iron liners, relatively 
short compared to most other metals, is favorable for the use of 
shaped charges at the bottom of holes for combined drilling and 
blasting. The reasonably good penetration at zero standoff is also 
auspicious for this application. 
The optimum standoff of 1~ D found by Austin and Pringle (1964) 
for cast iron jets penetrating quartz monzonite is the same as found 
here for seven rock types. However, the values they determined of 
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0 D for Coane limestone and 3 D for adamellite, the value of 0.7 D 
which Lewis and Clark (1946) reported for cast iron jets drilling 
granodiorite, and the value of 0 D found by Hughes, Lamb, Moavenzadeh, 
and McGarry (1970:207) for copper jets penetrating Barre granite, do 
not agree so well. It seems likely that the source of disagreement is 
experimental error in the three earlier studies, except in the case 
of the limestone, where a mode of penetration that is apparently 
unique to limestone may make itself apparent via unique standoff 
curves. 
The finding by Hughes, Lamb, Moavenzadeh, and McGarry (1970:207), 
that there is no consistent effect of the apex angle of copper liners 
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on the penetration of Barre granite, is at odds with the significant 
effect of the angle of cast iron liners found in the investigation 
for this thesis. This is probably due to problems caused by the very 
small charge sizes used in the 1970 study. There is also a dis-
crepancy between the optimum value of 0.05-D liner thickness for the 
drilling of granodiorite by cast iron jets (Clark, 1947) and the 
optimum value of 0.03 D found here for both granite and dolomite. 
The latest results support the early observation by Clark (1947) 
that interactions among the design factors are important in the pene-
tration of rock. Statistically significant interactions exist between 
standoff and liner thickness in Missouri granite, and between standoff 
and liner angle in Berea sandstone. 
I I . DRILLED DEPTH , DIAMETER, AND VOLUME 
VERSUS OTHER DESIGN FACTORS 
The finding that drilled depth is directly proportional to 
charge size is important, because it establishes that penetration by 
the 3.00-cm-diameter standard charges is not disproportionately small. 
Very small shaped charges sometimes have been found by others to give 
low values of penetration because of manufacturing defects and other 
problems. 
The directly proportional relationship between drilled depth 
and charge size agrees with results reported for metals. The 
greater-than-proportional increase of drilled diameter with charge 
size is due to experimental error. Drilled volume should increase 
directly as the cube of charge size; unfortunately, the number of 
levels of charge size in this study are too few to permit a test for 
this effect. 
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The increase of the drilled depth in Missouri granite is approxi-
mately 100 percent of the mean value for an increase in charge length 
from 1.5 to 3.0 D. This is much greater than the approximately 34 
percent increase indicated for the same range of charge length in a 
graph by Austin (1959), and the increase of about 32 percent in metals 
for the same range (Brimmer, 1950; Klamer, 1964). In this case it is 
believed that the later results are suspect. Clark (1947) obtained a 
doubled depth of drilling for a tripled charge length. The results 
herein for the effect of charge length suggest that somewhat greater 
penetration depths can be obtained, if needed, by increasing the 
charge length beyond 3.0 D. This can be done only with a loss in the 
efficiency of utilizing the explosive, however. 
The comparison of cylindrical and cylindro-conical (beehive) 
charges confirms that the latter common geometry is essentially equal 
in penetrating power to cylindrical charges of the same length. It 
is more efficient in terms of the depth of penetration per quantity 
of explosive consumed. However, in a manufacturing process, small 
cylindrical charges might be so much easier to assemble that their 
cost would be less, despite the greater use of explosives. 
The cutting of Missouri granite by disc-shaped charges, and the 
cutting of Jefferson City dolomite by both disc and linear shaped 
charges, contradicts the observations of Hughes, Lamb, Moavenzadeh, 
and McGarry (1970:177), who reported no such cutting effect in Barre 
granite. For these shapes of charges, the manufacturing precision 
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may be extremely critical in determining whether a well defined jet is 
formed and whether cutting is observed. 
III. DRILLED DEPTH, DIAMETER, AND VOLUME VERSUS 
ROCK PROPERTIES 
The variation of penetration depth with the density of the rock 
target does not agree well with the hydrodynamic theory of penetration. 
When the data are graphed on logarithmic coordinates, the best linear 
fit has a slope of tan 82 degrees. Data previously reported (Austin, 
1964) for rock are similar, having a slope of tan 73 degrees (Figure 
5). But a straight line describing the theoretical variation has a 
slope of tan 45 degrees, indicating a discrepancy of considerable 
magnitude between theory and experiment. 
The hydrodynamic theory has been modified to account for the 
effects of other target properties, notably strength and hardness, in 
the penetration of metals. It seems likely that the theory can be 
similarly modified for rock. Any of the six mechanical properties 
which, in addition to density, correlate with the depth of drilling 
in rock, may be governing factors. These properties are the apparent 
porosity, the compressive strength, the tensile strength, the rebound 
hardness, the secant modulus of elasticity, and the ranked mechanical 
drillability. However, whether the correlations are indications that 
these properties are causally related to penetration or whether they 
are nuisance correlations due to the relationship of the properties to 
rock density, is not established. Furthermore, the important factors 
may be the material properties at the high pressure, density, strain 
rate, and temperature which occur during jet penetration, rather than 
static properties. Consequently, more advanced statistical and 
experimental methods will be required for the determination of the 
relationship of penetration depth with the properties of the medium 
being penetrated. In this author's opinion, the properties in 
addition to density which are most likely to be causally related to 
penetration, with the more probable listed first, are compressive 
strength, porosity, hardness, drillability, and the modulus of 
elasticity. 
IV. PHENOMENOLOGY 
The evidence that the concept of hydrodynamic (fluid-like) 
penetration applies to rock includes the following: penetration is 
strongly dependent on rock density, holes are tapered and sometimes 
chambered slightly at the bottom, the walls are plated with liner 
metal and oxides, and metallic spheres are occasionally found in the 
debris from the liner. 
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The tapering of the holes and the chambering at the bottom of the 
holes is more pronounced in rock of low and medium strength and hard-
ness than in rock of high strength and hardness. This may indicate 
that the mode of penetration more closely approximates a fluid 
condition in the former kind of rock. 
The difference between higher- and lower-strength rock, in terms 
of the percentage of the wall area which is plated by liner material, 
may be due primarily to differences in drilled depths for a fixed 
amount of available plating material. The percentage of the surface 
area of the hole which is covered by liner material is observed to be 
less when the drilled depth is greater. 
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The observation of macroscopic metallic spheres in the liner 
debris confirms the earlier finding of microscopic and macroscopic 
spherules by Kalia (1970:52,54). This is direct and definite evidence 
that at least some melted metal is present during penetration in at 
least some conditions of rock penetration by cast iron jets. Further-
more, extensive melting during the penetration of metals has been 
reported (Klamer, 1964; Baum, Stanyukovich, and Shekhter, 1959:616). 
Despite the above evidence, arguments can be presented that the 
penetration of rock is not in fact hydrodynamic: penetration depends 
not only on rock density but also on such properties as strength, 
porosity, and hardness, which characterize solid behavior rather than 
fluid behavior; holes drilled in rock are often the same as or smaller 
than the jet in diameter; the tapering and chambering of holes can be 
explained without recourse to the concept of lateral fluid flow; the 
percentage of wall area which is plated differs greatly among rock 
types; the quantity of obviously melted metal is only a small 
percentage of the total present in the jet, and is not seen in most 
drilling tests; and flash radiographs show that cast iron liners form 
finely particulate jets rather than ductile continuous jets. 
The small diameter of the holes drilled in rock compared to the 
jet diameter certainly establishes that little if any lateral enlarge-
ment, which should accompany hydrodynamic penetration, occurs in rock. 
Further, the larger hole diameters, tapering, and chambering which 
are produced in some rock types can be explained by erosion and 
expulsion of rock from the hole, without resorting to the concept of 
fluid flow. One can readily visualize that trailing portions of the 
fast jet can erode the walls of the hole and the plating left by 
leading portions of the jet. Erosional chambering at the bottom of 
the hole might occur when trailing portions of the jet arrive with 
velocities too slow for penetration but fast enough for erosion. 
Larger hole diameters, and more pronounced tapering and chambering, 
should be favored in more erodable rock; such is observed to be the 
case. 
Plating of the hole walls by liner material has been reported to 
be much more extensive in Coane limestone than in other rock types 
(Austin and Pringle, 1964); the difference may reflect two different 
modes of penetration. This in turn implies a restriction on the 
applicability of the hydrodynamic mode. 
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Melting of some metal from the jet may take place in only a small 
fraction of instances of drilling. And its occurrence may require 
special and as yet unknown conditions of the shaped charge design, the 
type of liner metal, the rock type, and even small variations in the 
composition of the liner metal and the rock target. 
Considering all the evidence, it is this author's opinion that the 
formation of holes in rock by jets from shaped charges is partially 
hydrodynamic (fluid-like) in nature but not strictly so. In general 
it involves erosion and the expulsion of some rock particles from the 
hole as well as lateral flow and compaction of the rock medium. The 
two processes, expulsion and lateral motion, no doubt assume different 
relative importances in different rock types. Which rock properties 
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and shaped-charge design factors influence the relative importances 
of the two processes are presently not known. However, it is likely 
that the visible effects of penetration in rock become more character-
istic of solids and less of liquids as the strength and hardness 
increase; the relative importance of the ejection of rock particles 
from the hole probably becomes of greater importance concurrently, 
while the hydrodynamic mode of penetration decreases in applicability. 
The obstruction of the bottom part of the hole by a weak, 
cinder-like deposit of liner metal and oxides is observed often in 
high-strength rock, but almost never in low- and medium-strength rock. 
Whether this tends to confirm or negate the occurrence of hydrodynamic 
penetration is not quite clear. This investigation also neither 
conclusively confirms nor refutes the existence of three distinct 
modes of penetration. 
The large fractures which are found to extend beyond the end of 
the hole in most rock types are invariably filled with liner metal and 
oxides. On the other hand, gross fractures which occur with the 
fragmentation of rock block specimens, and which cut across the 
drilled hole, are free of liner material. This suggests that 
fracturing proceeds rapidly ahead of the advancing impact point during 
the penetration process, but that gross fragmentation of block speci-
mens does not occur until after penetration is completed. Austin 
(1959:38) and Austin and Pringle (1964:47) concur with these conclu-
sions. 
Other phenomenological effects include the indication, by rock 
noises and delayed spallation, that an appreciable amount of strain 
energy is trapped in the rock during the penetration of the jet 
in granites and gabbro, but not in the other rock types of this 
investigation. 
V. SHAPED-CHARGE MATERIALS 
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Composition C-4 explosive is generally superior to commercial 
explosives, including 100 percent blasting gelatin and 67 percent 
gelatin dynamite. C-4 is usually found to give greater penetration 
depth and more regular holes, and in addition has better molding 
properties during assembly of the charge. It is particularly 
preferable in charges smaller than about 5 em in diameter. C-4 is only 
available, however, by special arrangement with military sources. 
Despite the failure of dynamite of 67 percent weight strength to 
produce penetration in Missouri granite, it may nevertheless give 
adequate penetration in weaker and less dense rock types. Furthermore, 
67 percent dynamite and explosives of similar strength, when used in 
charges larger than 5 em or so, may even be adequate for drilling 
strong, dense rock. And 100 percent blasting gelatin may be similar 
in performance to composition C-4. Lewis and Clark (1946), employing 
15-cm diameter charges, obtained average depths in granodiorite of 2.7 
D with 60 percent nitroglycerine dynamite and 5.1 D with 100 percent 
blasting gelatin. Other explosives having comparable detonation 
velocities should perform well in shaped charges. 
Turning now from considerations of the explosive to considerations 
of the liner metal, both advantages and disadvantages of cast iron are 
apparent. It has a high density for deep penetration, a short optimum 
standoff distance which is advantageous in most applications, and can 
be cast and machined to high precision. On the unfavorable side, 
however, cast iron corrodes easily, requires an expensive machining 
process, and may leave a solid slug in the hole, an occurrence which 
is certain if the charge is fired at the bottom of a hole. 
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Metals having greater ductility will in some applications be 
preferable because of the relatively inexpensive stamping process 
which becomes possible for the fabrication of the liner, and because 
of the selection of larger values of optimum standoff which they make 
possible. Other metals may be selected for their noncorrosive nature. 
And some liner materials, such as leaded glass, have the desirable 
property that the slug disintegrates on impact and so creates no 
obstruction in the hole. 
Additional considerations in the selection of shaped-charge 
materials, with respect to environmental and safety hazards, are 
included in the next section. 
VI. ENVIRONMENTAL, HEALTH, AND SAFETY HAZARDS 
The use of shaped charges involves dangers which exceed those of 
conventional blasting, both in number and degree. The hazards are due 
primarily to the lethality of the jet itself, to the common practice 
of detonating shaped charges in the open above the rock surface, to the 
utilization of metal parts in the charges, and to the chemical nature 
of the explosive and casing. 
The hypervelocity jet is said to be dangerous up to a range of a 
few hundred feet (Austin, 1959:66). In fact this estimate may be too 
low by a factor of 10 for some large shaped charges. Thus it is 
important to secure the charge up to and during firing. The 
detonation of rounds of charges complicates the problem, for time 
delays among charges can permit the explosion from one to change 
the firing direction of the others. It has been stated that a back-
blast of jet and rock particles from the hole often occurs and can 
be dangerous (Austin, 1959:62). When charges are encased in metal, 
shrapnel is a severe hazard. Consequently, casings should be con-
structed from materials such as plastic or cardboard, which 
disintegrate harmlessly. 
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Metal components used in the shaped charge, most commonly the 
metal liner, pose an obvious hazard if they tend to produce sparks 
upon impact. This is an unfavorable aspect of the use of cast iron 
liners. All tools and other metal objects which are in the vicinity 
of the charge prior to, during, or after its assembly should have a 
nonsparking property. Extra care must be given to the storage and 
transportation of shaped charges. 
The oxygen balance and noxious fume rating is poor for most 
explosives used in shaped charges, including composition C-4 and 100 
percent blasting gelatin, which are not now permitted for general use 
underground. Because of this, explosives such as 67 percent dynamite, 
which have a good fume rating, are suggested for general underground 
use. Toxic substances may also be produced by the plastics and other 
materials used to encase and secure the charge. 
The air concussion from the open detonation of shaped charges can 
be damaging both to people and property. The noise itself is a form 
of pollution subject to increasing criticism. The open explosions 
sometimes start fires in their vicinity. 
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The reader is advised to also refer to summaries of the important 
safety considerations in conventional blasting, which are pertinent to 
the use of shaped charges (E. I. DuPont de Nemours and Company, Inc., 
1967:502-508; Canadian Industries Limited, 1968:463-486). 
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Chapter 6 
SUMMARY AND CONCLUSIONS 
The investigation is summarized in this chapter, conclusions are 
stated, and recommendations are made for further research. 
I. SUMMARY 
The drilling effect in rock of hypervelocity jets from explosive 
shaped charges was investigated experimentally. The purpose of the 
study was to supplement a rapid excavation concept with fundamental 
information concerning the effects which the charge design factors 
and the rock properties exert on penetration. Experiments were both 
designed and analyzed upon statistical principles. Full factorial 
experimental designs were used to study the effects of standoff, liner 
angle, and--in some cases--liner thickness for each of seven rock 
types. Additional experiments were conducted to determine the 
dependence of the drilling effect on the charge size, length, and 
shape, and on the type of liner metal and explosive. The drilling 
effect of the shaped charges was measured quantitatively in terms of 
the drilled depth, drilled diameter, and drilled volume, and 
qualitatively in terms of the phenomenology of rock. 
II. CONCLUSIONS 
The analysis of the results of the investigation shows that the 
optimum design of shaped charges for drilling is independent of rock 
type and rock properties. For C-4 charges with cast iron liners, the 
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optimum design for the depth of penetration includes a standoff 
distance equal to 1~ times the charge diameter, a liner wall thickness 
of 0.030 times the diameter, and a liner apex angle of 45 degrees. 
These values are approximate; the true optimum levels lie within 
probable ranges of 1.0 to 1.5 D for standoff, 0.027 to 0.033 D for 
liner thickness, and 40 to 50 degrees for the liner angle. 
The studies of the effects of other design factors show that the 
depth of penetration is directly proportional to the size of the 
shaped charge for a fixed shape. This holds for charges as small as 
3.0 em in diameter. The drilled depth also increases significantly 
with an increase in the length/diameter ratio of the charge, within 
the range of 1.5 to 3.0. 
The small optimum value of the standoff distance for cast iron 
liners insures that the shaped charges will penetrate well when used 
for combined drilling and blasting at or near the bottom of a drill-
hole. The reasonably good penetration at zero standoff further 
supports this conclusion. 
Drilled depth does not vary significantly between cylindrical and 
cylindro-conical (beehive) shaped charges, nor between cast iron and 
Armco iron liners. However, the dependence of penetration depth on 
the type of explosive is marked and statistically significant. 
Composition C-4 explosive produces significantly greater drilled depths 
than does 100 percent blasting gelatin, which in turn is obviously 
better than dynamite of 67 percent weight strength. 
The hydrodynamic theory does not agree with the experimentally 
determined relationship of penetration to scaled values of the 
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jet/rock density ratio. The complementary effects of one or more 
additional rock properties must be included to produce agreement 
between theory and experiment. Those additional properties which 
are more likely to be causally related to penetration, with the more 
probable listed first, are the compressive strength, the apparent 
porosity, the rebound hardness, the ranked mechanical drillability, 
and the modulus of elasticity. The penetration process in rock is 
partially hydrodynamic (fluid-like) but not entirely so. It becomes 
less hydrodynamic as the strength and hardness of the rock medium 
increase. 
The phenomenology of penetration in rock of high strength and 
hardness is consistently different from rock of low and medium 
strength and hardness. The former is characterized by shallow 
penetration, holes of constant diameter along their length, large 
craters formed by spallation, delayed spalling of rock slabs, micro-
seismic activity (rock noises), almost total plating of the walls of 
the hole by liner oxides and metal, and frequent filling of the last 
0.3 D of the length of the hole by a weak deposit of liner oxides and 
metal. The latter is characterized by deep penetration, tapered and 
chambered holes, and a patchy coating of liner material mostly along 
the bottom half of the hole. 
When materials for the assembly of shaped charges are considered, 
the composition C-4 explosive and the cast iron liner-metal are 
concluded to be excellent choices in terms of penetration. However, 
the utilization of both involves some hazards, as does the use of 
shaped charges in general. 
III. RECOMMENDED FURTHER RESEARCH 
On the basis of this investigation, the following topics are 
recommended for further research, in their approximate order of 
importance: 
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(1) research on the drilling of rock by shaped charges in 
natural and simulated lunar environments and other extraterrestrial 
environments, where the efficient packaging of energy on the bases 
of weight and volume make explosive drilling particularly promising; 
(2) the development of flash radiography to determine the 
mechanism of jet penetration in rock in general, and in particular 
to study the relative roles of the expulsion of rock from the hole 
and the lateral motion of rock particles, and to measure the velocity 
of penetration and determine under what conditions it is supersonic; 
(3) statistically designed and analyzed experiments to determine 
which standard-state rock properties correlate with penetration; 
(4) an experimental study of the pressure, temperature, density, 
and other conditions which exist during hypervelocity penetration; 
(5) experiments to determine what properties at the altered 
conditions of hypervelocity penetration govern the penetration 
process; 
(6) development of the shaped charge as a research tool for 
producing very high pressures to study such effects as shock waves, 
radiation, phase changes, fracturing, the flow of solid matter, and 
adiabatic processes; 
(7) an investigation of the efficiency of different shaped-
charge designs in terms of the energy consumption and cost of the 
explosive for each unit of drilled depth and drilled volume; 
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(8) an experimental or pilot study of the costs of commercially 
manufactured shaped charges for the drilling of rock; 
(9) a factorial experiment to determine the drilling effects of 
several additional explosives and liner metals in the eight rock types 
of this investigation; 
(10) further detailed macroscopic and microscopic studies of 
penetration, fracturing, and other visible shaped-charge phenomena 
in rock, with particular efforts to correlate the effects with those 
of terrestrial and extraterrestrial meteorite impacts; 
(11) the development of flash radiography to study the high-
velocity propagation of fractures due to jet drilling in rock; 
(12) a study of the improvement of shaped-charge drilling in 
rock by the variation of additional design factors, such as the 
charge/liner diameter-ratio and the placing of wave shapers in the 
explosive charge; 
(13) a phenomenological study of penetration in many rock types, 
to confirm or refute the existence of different modes of penetration; 
in particular to check for the existence of a unique mode of penetra-
tion in carbonates, and to study the reported anomalously high 
resistance to penetration of quartz rock; 
(14) the extension of the concepts of regimes of jetting and 
nonjetting from two-dimensional (linear) shaped-charge liners to 
three-dimensional (conical) liners; 
(15) the application of shaped-charge penetration as a high-
energy-rate process for producing rapid controlled cutting or 
perforating of materials and for altering material properties; 
(16) studies of the cutting of rock by linear shaped charges 
and other novel shaped charges; and 
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(17) improvements in the determination of the drilled diameter 
and volume in rock. 
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APPENDIX A 
LIST OF SOME COMMERCIAL SUPPLIERS OF SHAPED-CHARGE DEVICES 
AAI Corporation, Cockeysville, Maryland 21030: systems which use shaped 
charges 
Cartridge Actuated Devices, Inc., 123 Clinton Road & Route 46, Fairfield, 
New Jersey 07006: shaped charge devices 
E. I. DuPont de Nemours & Company, Inc., 7250 North Cicero Avenue, 
Lincolnwood, Chicago, Illinois 60646: jet tappers 
Ensign-Bickford Company, 660 Hopmeadow Street, P. 0. Box 7, Simsbury, 
Connecticut 06070: linear shaped charges 
Explosive Technology, P. 0. Box KK, Fairfield, California 94533: shaped 
charge devices 
Honeywell, Inc., Aerospace and Defense Group, Ordnance Division, 
600 2nd Street North, Hopkins, Minnesota 55343: systems which use 
shaped charges 
Jet Research Center, Inc., P. 0. Box 246, Arlington, Texas 76010: 
shaped charge devices 
Kinetics International Corporation, 2712 Rollingdale Lane, Dallas, Texas 
75234: shaped charges for secondary breakage 
Lane-Wells, 1045 The Main Building, Houston, Texas 77002: well-casing 
perforators 
Petroleum Tool Research, Inc., 3431 West Vickery, Fort Worth, Texas 
76107: well-casing perforators 
Schlumberger Well Services, 5000 Gulf Freeway, P. 0. Box 2175, Houston, 
Texas 77001: well-casing perforators 









impact sensitivity, Bureau of Mines (em) 
impact sensitivity, Pica tinny Arsenal (em) 
rifle bullet impact test, explosion 
rifle bullet impact test, partial 
rifle bullet impact test, burning 
rifle bullet impact test, unaffected 
rifle bullet impact test, total 
minimum detonating charge, lead oxide (gm) 
minimum detonating charge, tetryl (gm) 
ballistic mortar, percent TNT 
plate dent test, brisance, percent TNT 
detonation rate (km/sec) 















MEASUREMENT OF MECHANICAL PROPERTIES OF ROCK 
The specific gravity was determined from the weight of a specimen 
of rock and its volume, the latter being found either by liquid dis-
placement or by the measurement of dimensions. Apparent porosity was 
calculated from the change in weight of rock samples between immersion 
in water for 48 hours and drying in an oven at 150 F for 48 hours. 
Compressive strength was obtained by the uniaxial compressive loading 
of right circular cylinders which had a length/diameter ratio of 2.0 
(Figure D-1). Concurrently during such tests, data for the secant 
modulus of elasticity and the ultimate strain were obtained from two 
electrical resistance strain gauges mounted on opposite sides of the 
rock specimen at mid-height. 
Tensile strength was found by the indirect method of loading disc-
shaped specimens in compression (Figure D-2). The ranked mechanical 
drillability was evaluated both on the basis of the rate of advance of 
a diamond core-drill bit, and on the basis of the diameter of the cored 
rock, smaller diameters of the cored specimens being interpreted as 
evidence of greater drillability. Relative mechanical drillability 
numbers from one to eight were assigned. The rebound hardness was 
measured using a type of Schmidt hammer. The determination of 
compressional wave velocity was accomplished with an ultrasonic system 
which included transducers for sending a pulse through the rock 
specimen, and associated electronic equipment for measuring the travel 





FigureD- 1. Geometry of Specimen, Loading, and Strain Gages for 







fixed loading platen 




PETROGRAPHIC DESCRIPTION OF EIGHT ROCK TYPES 
The Missouri red granite is large in grain size and low in 
porosity. The rock is predominantly pink in color due to the feldspar, 
along with some gray from the quartz crystals. Joints are generally 
widely spaced, on the order of 1 m or more, with massive unjointed 
material between. The joints vary in nature from unaltered to 
weathered to pyrite-filled. There are occasional phenocrysts of quartz. 
The granite was tested in the form of irregular boulders having dimen-
sions from 0.6 to 1.2 m. It is from Graniteville, Missouri. 
The Jefferson City dolomite has a fine grain size in the dolomite 
matrix, but has a high degree of porosity from large irregular pore 
spaces. The rock is gray, with areas of white from mineral alteration. 
Bedding planes are conspicuous and jointed, with a typical thickness of 
strata of 0.3 m. The test material for the factorial experiments and 
most of the supplementary tests was rock in place within a 9-m span of 
one stratum at the quarry of the Experimental Mine, University of 
Missouri-Rolla. 
The Bedford limestone has a medium grain size, an abundance of 
small fossils, and high porosity. It is grayish-white in color. The 
rock is uniform in structure, with no apparent bedding or jointing 
planes. The source of the regularly shaped 0.3 x 0.3 x 0.6 m blocks 
is Bedford, Indiana. 
The Berea sandstone is of medium grain size and high porosity. It 
is gray in color, with brown streaks parallel to the bedding. The rock 
is very uniform in structure, with no joint planes. Specimens are 
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regular blocks with dimensions f 0 3 0 3 0 6 0 • X . X • m. The rock was 
obtained from Amherst, Ohio. 
The Kitledge pink granite has medium-size grains and low porosity. 
The rock has a f h gray cast rom t e predominantly white feldspar and 
abundant black mica. However, there is a slight pinkish tinge to about 
50 percent of the feldspar. The rock is uniform in structure. There 
are occasional concentrations of biotite, quartz, or feldspar in pheno-
cryst form. The source of the 0.3 m cubes of rock is Milford, New 
Hampshire. 
The Jasper quartzite has a fine grain size and almost no porosity. 
It is pink in color, with parallel bands of gray. Between joint planes, 
the rock is uniform in structure. There are two mutually perpendicular 
joint systems, but the spacing between joints is greater than the 
maximum dimension of the block specimens, 0.6 m. Alteration has 
occurred on both joint systems, with a difference in degree between the 
two. Regular block specimens were obtained with dimensions of 0.3 x 
0.3 x 0.6 m. The quartzite source is Jasper, Minnesota. 
The Buena gabbro has a medium grain size and low porosity. It is 
dark gray in color, nearly black. The rock is fairly uniform in 
structure except for two widely spaced sets of joints intersecting per-
pendicularly. The surfaces of both sets of joints are weathered, with 
the degree of weathering consistently greater in one set. The test 
specimens were in the form of regular blocks having dimensions of 
· 1 0 4 0 4 x 0 6 m The gabbro is obtained from approx1mate y . x . . • 
Rapidan, Virginia. 
The St. Peter sandstone has a medium grain size, high porosity, 
and high permeability. Its color is grayish-white, with occasional 
bands of light yellow and pink parallel to the horizontal bedding 
planes. Joints occur parallel to the bedding at intervals of about 
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10 em. Test specimens were in the form of irregular boulders, with 
typical dimensions of approximately 0.3 x 0.5 x 0.6 m. The rock source 
is Pacific, Missouri. 
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APPENDIX F 
MICROPHOTOGRAPHS OF INTACT AND DRILLED ROCK 












Plate F-1. Microphotographs of High-Strength Rock Types, Intact and 
at Four Distances from Line of Drilling after Blasting; Uncrossed 
Nicols (xl6) 
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St. Peter Sandstone 
. b 
Jefferson City Dolomite 
Plate F-2. Microphotographs of Low- and Medium-Strength Rock Types, 
Intact and at Four Distances from Line of Drilling after Blasting; 
Uncrossed Nicols (xl6) (Dark circles in photograph marked 'a' and 
dark curved line in photograph marked 'b' are photographic defects) 
APPENDIX G 
EXPERIMENTAL DESIGN, STATISTICAL ANALYSIS, AND GLOSSARY 
(1) EXPERIMENTAL DESIGN 
In the classical or Edisonian method of conducting experiments, 
the levels of one factor at a time are varied, while the levels of all 
other factors are held constant. In factorial experiments, on the 
other hand, all combinations of the levels of the factors are tested. 
Factorial experiments have the following advantages over the 
classical type (Wilson, 1952:36-68; Li, 1964:355-356; Wine, 1964:479; 
Snedecor and Cochran, 1967:340-342; Duckworth, 1968:60-75): 
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1. More information about the factors can be gained from an equal 
number of tests; 
2. The optimum treatment of the factors can be determined using 
fewer tests; 
3. The effect of each factor is evaluated over a range of levels 
of the others, making the results more widely applicable; 
4. A determination of interactions among the factors is possible; 
5. The separate 8ffect of each factor can be evaluated in the 
presence of an interaction; 
6. The artificial experimental requirement of changing only one 
factor at a time while holding the others constant is obviated; and 
7. The estimate of experimental error can be made more 
representative of widely varying conditions, coming from a range of 
levels of the factors. 
Accurate experimental procedures are of course a prerequisite for 
both classical and factorial experiments, as the widely applicable 
gigo1 principle implies. The testing of effects for statistical 
significance, the separation of effects into their linear and higher-
degree-nonlinear components, and the calculation of experimental error 
can be accomplished in both types of experiments. 
(2) ANALYSIS OF VARIANCE 
This is an established, valuable, and often used method for 
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statistically determining the significance or nonsignificance of effects. 
In its essence it consists of (1) calculating the variances due to the 
effects of the factors, and (2) comparing them to the variance due 
to experimental error. 
There are many methods of accomplishing the first step; one of the 
most systematic is the Yates analysis (Duckworth, 1968). This is an 
algorithm which operates on the individual treatment results, and yields 
the variance for each component of the effects. The variance for each 
total effect is then easily calculated. 
The comparison is made by dividing the variance of the effect by 
that due to error. This is the F-ratio test, or the variance-ratio 
test. The quotient is compared to tabulated values to determine 
whether the effect is significant. Appropriate tables, which also 
involve the statistical level of significance and the number of 
degrees of freedom of both variances, can be found in most 
statistics books. 
lGarbage in garbage out. 
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The analysis of variance d th y an e ates analysis for the experiment 
on Jefferson City dolomite is tabulated in Table G-1. The treatments 
are coded as follows: 'a' represents the effect of the angle; 'b' is 
for the effect of standoff; and 'c' represents the effect of thickness. 
For the lowest level of a factor, the letter is replaced by the 
numeral, 1. For the middle level, the letter is subscripted by the 
numeral, 1; for the highest level, it is subscripted by the numeral 
2 • For example, a1cz is the treatment with 'a' at its middle level, 
'b' at its lowest level, and 'c' at its highest level. In the table, 
'f' represents the number of degrees of freedom, and 'F' is the value 
obtained by the ~-rntio test. 
(3) MULTIPLE COMPARISONS TEST 
In addition to knowing which effects are significant, it is also 
valuable to know which of the means are significantly different. The 
means referred to are those for each level of the factors which have 
significant effects. The significance of an effect does not establish 
the significance or nonsignificance of differences between means; a 
multiple comparisons test does. 
There are many types of such tests. The author of this disserta-
tion believes that a relatively new test, the k-ratio least-
significant-difference test, is preferable on the basis of its logical 
foundation and straightforward application (Waller and Duncan, 1969). 
Least-significant-differences between means are calculated from the 
standard error of the difference between means and from tabulated 
Bayesian 't' values. The tables of 't' values involve the 'F' ratio, 
its two measures of degrees of freedom, and 1 k 1 , which is a measure 
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Table G-1. Analysis of Variance for Factorial Experiment on Jefferson 
City Dolomite 
Vari- Significance 
Treatment Result f ance F* at 5% Effect Component 
(D) (D2) 
(1) 3.0 
al 2.6 1 0.08 0.25 n.s. angle linear 
a2 2.1 1 0.30 0.94 n.s. angle quadratic 
bl 5.8 1 31.47 98.65 significant standoff linear 
albl 5.3 1 1.40 4.39 n.s. interact ion, linear/ 
angle/ linear 
standoff 
a2bl 4.2 1 0.15 0.47 n .s. interaction, quadratic/ 
angle/ linear 
standoff 
b2 5.5 1 12.14 38.06 significant standoff quadratic 
alb2 5.5 1 1.32 4.14 n.s. interaction, linear/ 
angle/ quadratic 
standoff 
a2b2 5.2 1 0.00 0.00 n.s. interact ion, quadratic/ 
angle/ quadratic 
standoff 
cl 3.6 1 1.23 3.86 n.s. thickness linear 






















b2cl 5.1 1 0.13 0.41 
n.s. interaction, quadratic/ 
standoff/ linear 
thickness 
6.8 1 0.08 0.25 n .s. 
interaction, linear/ 
alb2cl angle/ quadratic/ 
standoff/ linear 
thickness 
a2b2cl 7.1 1 0.29 0.91 





Table G-1. (continued) 
Vari- Significance 
Treatment Result f ance F* at 5io Effect Component 
(D) (02) 
c2 3.2 1 3.28 10.28 significant thickness quadratic 
a1c2 4.2 1 0.49 1.54 n.s. interaction, linear/ 
angle/ quadratic 
thickness 
a2c2 2.7 1 0.20 0.63 n.s. interaction, quadratic/ 
angle/ quadratic 
thickness 
blc2 5.9 1 0.40 1.25 n.s. interaction, linear/ 
standoff/ quadratic 
thickness 








b2c2 4. 7 1 0.18 0.56 n.s. interaction, quadratic/ 
standoff/ quadratic 
thickness 









2 0.19 0.60 n .s. angle total 
2 21.80 68.34 significant standoff total 
2 2.36 7.08 significant thickness total 
4 0. 72 2.26 n .s. interaction, total 
angle/ 
standoff 













20 0.42 1.32 n.s. interaction 
total 
* The error variance is 0.319 o2 with eight degrees of 
freedom. 
n .s. - not significant. 
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of the relative seriousness of type 1 errors compared to that of type 2 
errors. Once the least-significant-difference is calculated, it is 
merely compared to the differences between means. If the difference 
between means is greater, those means are significantly different. 
(4) STUDENT'S 'T' TEST 
When only two levels of a factor are tested, the use of the F-ratio 
test and a multiple comparisons test is not necessary. The significance 
of the effect, which is equivalent here to the significance of the 
difference between means, can be more directly determined by Student's 
't' test. It is a special case of the F-ratio and multiple comparisons 
tests. 
The 't' value is calculated by dividing the difference between 
means by the standard error of the difference (Duckworth, 1968). This 
value is then compared to tabulated critical values of Student's 't', 
which can be found in most books on statistics. The tables incorporate 
standard significance levels and degrees of freedom of the standard 
error of the difference. If the calculated 't' exceeds Student's 't', 
both the effect of the factor and the difference between the means are 
significant. 
(5) ASSOCIATION TEST 
These tests determine whether there are correlations between 
paired sets of data. For example, if two responses are measured in N 
pairs, it may be valuable to know whether increasing values of one 
response are associated with increasing values of the other response. 
The 2/~ test is one type of association test (Duckworth, 1968). It 
consists basically of comparing the number of correlated pairs with 
2~. The test can be used for various levels of significance. 
(6) GLOSSARY 
Analysis of ~ariance - A statistical procedure for determining whether 
the var~ance due to the effect of a factor is sufficiently large, 
compared to the variance due to error, to be statistically 
significant. 
Association test - A statistical procedure for determining whether 
there are correlations between paired sets of data. 
Component - One term of a polynomial expression. 
Degree of freedom - In the analysis of variance, the number of 
components of an effect. 
Effect - The influence of a factor on the response. 
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Error variance - The variance obtained by subtracting the variance of 
every factor from the total variance of a set of experimental data. 
Experimental error - The error variance. 
Factor - A variable which is controlled or measured so that its effect 
on the response can be determined. 
Factorial experiment - An experiment in which all combinations of the 
levels of the factors are tested. 
Fisher's test - The F-ratio test. 
F-ratio test - A procedure for determining significance or non-
significance in the analysis of variance, once the variances 
are obtained. 
Interaction - The influence of one factor on the effect of another. 
K ratio - A measure of the relative seriousness of type 1 errors 
compared to that of type 2 errors. 
K ratio test of least significant difference - A multiple comparisons 
test utilizing the k-ratio in place of a level of significance. 
Level - The magnitude of a factor. 
Level of significance - The probability of committing a type 1 error. 
Mean - The arithmetical average. 
Mean square - The variance. 
Multiple comparisons test - A statistical procedure for determining 
whether a difference between means is significant. 
Replications - The number of tests conducted at one treatment. 
Response -A variable which is dependent on one or more factors. 
Result - The magnitude of the response at a treatment. 
Significance - Statistical significance. 
Significant difference - A statistically significant difference 
between means. 
Standard deviation - The root mean square of the deviations of a set 
of values from their mean, 
~E(Xi·X) 2 
s ·- n-1 , 
where s = the standard deviation, 
X·= the i-th value, -~ 
X the mean of i values, 
and n = the number of values in a set. 
Standard error of the difference between means - The square root of the 
sum of the squares of the two standard errors which correspond to 
two different means. 
Standard cr:..·or of the mean - The standard deviation of the mean. 
Statistical significance - The rejection of the null hypothesis at a 
specified level of significance. 
Student's 't' test -A statistical procedure for determining whether 
an effect and the difference between means are significant, in 
the case of only two means. 
Test - A single replication. 
Treatment - The combination of the levels of factors for a replication. 
zJN, test - An association test in which the number of correlated pairs 
is compared to 2/W, where N is the total number of pairs. 
Type 1 error - The rejection of an hypothesis which is in fact true. 
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Type 2 error -The acceptance of an hypothesis which is in fact false. 
Variance - The square of the standard deviation. 
Variance-ratio test - The F-ratio test. 
Yates analysis - An algorithm which obtains the variance of each 
component of the effects from the treatment results. 
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